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ABSTRACT 

Nowadays, the transport sector is trying to face the climate change and running through a 

sustainable world by introducing modern aftertreatment sytems or by fueling biofuels. Biofuels are 

receiving increasing attention driven by factors such as the oil-price fluctuation, the stringent emission 

regulations and the need for increasing the energy diversity. 

Among the renewable options for diesel engines, alcohols produced from waste or lignocellulosic 

materials with advanced production techniques constitute a sustainable alternative. Diesel fuels can be 

blended with bioalcohols as a means to introduce a renewable fraction and to provide certain oxygen 

content. The particulate matter reduction when oxygenated fuels are used cause a decrease in the diesel 

particle filter regeneration frequency, and therefore, lower oil dilution, lower fuel consumption and 

longer aftertreatment life cycle can be achieved. 

In this study, the effect of blending n-butanol with diesel fuels was evaluated to get practical 

information for the design of transport and storage equipment, pipelines and injector systems, 

knowledge about their miscibility and useful information about their autoignition behaviour. Butanol-

diesel blends up to 20% (volume basis) were tested in a Euro 6 diesel engine and vehicle in the engine 

test bench and in the chassis dynamometer, respectively to study their viability and to know if the use 

of n-butanol blends is beneficial in terms of performance and emissions at any ambient conditions and 

under any certification procedure. From this study, although the increases in CO and THC emissions are 

largely compensated by the benefits in particulate matter emissions, especially for Bu16D (16% butanol-

84% diesel volumen basis), the maximum butanol content is further limited by starting difficulties at 

very low ambient temperatures. Since startability problems ocurred from 13% butanol content onwards, 

it was concluded that butanol can be introduced up to 13% at any ambient conditions and under any 

certification procedure. 

Since butanol blends fulfil most of the limits proposed in EN 590 for diesel fuels and the most 

restrictive limits could be fulfilled using some technological devices such as cetane number improvers 

or flame arresters in tanks, any initiative to promote the use of n-butanol in diesel engines would be 

required to initiate the standardization process in the European Standardization Commitee. 
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1 INTRODUCTION 

1.1 Motivation 

Few years ago, European Directive 2009/28/EC [1] targeted a scenario where transport fuels will 

include up to 10 % of biofuels in 2020. Few years later, European Directive (EU) 2015/1513 [2] 

proposed that at least 0.5 % of this renewable fraction should be advanced biofuels (indicative target). 

Recently, European Directive (EU) 2018/2001 [3] has recently promoted the use of the biofuels, 

increasing up to 14% the mandatory renewable energy in the transport sector and up to 3.5% the 

minimum content of advanced biofuels and biogas for 2030. Biodiesel fuels can hardly be considered 

advanced biofuels as they are not usually derived from waste and agriculture residues, or from 

lignocellulosic materials [4]. In addition to this, filter plugging problems caused by some biodiesel 

components, specially sterol glycosides and saturated monoacylglycerols, are recently a matter of 

intensive discussions in scientific forums [5][6] and in the normalization committees [7][8][9]. 

Therefore, new alternative blending components for diesel fuels should be studied. 

Among the renewable options, alcohols produced from waste or lignocellulosic materials through 

advanced production techniques constitute a sustainable alternative. Specifically, ethanol and n-butanol 

are interesting options to reduce the life-cycle greenhouse emissions, as far as they can be produced 

from biological processes [10]. Specifically, n-butanol can be produced from biochemical or chemical 

routes [11]. Among the biochemical routes, the acetobutylicum fermentation (ABE) in which 

carbohydrates are fermented by microorganisms to produce acetone, ethanol and n-butanol, is the most 

widely used [12]. Among the chemical options, the production of n-butanol from catalytic conversion 

of ethanol (biological feedstock) using the Guerbet reaction has also been developed [13]. Both 

processes are sustainable alternatives to conventional petrochemical routes [14]. 

Bioalcohols are not only used to replace gasoline in spark-ignition engines, but also to replace 

diesel fuels in diesel engines [15][16]. Although the alcohol most commonly used as a fuel component 

in the transport sector is ethanol, the higher cetane number of n-butanol with respect to ethanol [17], 

together with its higher heating value [18], higher viscosity [19], better lubricity [20], higher flash point 

[17], lower hygroscopic character [21] and better miscibility with diesel (especially at low temperature) 

[22], suggest that n-butanol is better renewable component than ethanol in diesel blends, and thus, its 

maximum concentration in diesel blends could be increased with respect to that recommended for 

ethanol. In fact, Figure 1.1 confirms the increasing interest in n-butanol as blending component for diesel 

fuels and shows the increasing ratio between n-butanol/ethanol publications in last years.  

 
Figure 1.1. Bibliometric diagram. ISI web of knowledge [23] 
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Regarding the use of butanol-diesel blends in diesel engines and vehicles, most of the studies in the 

literature have focused on Euro 5 (or inferior) diesel engines under warm ambient conditions. Most of 

the studies were conducted under steady conditions [16][24] and only few of them were measured along 

driving cycles [25][26][27]. In general, authors concluded a sharp decrease in PM emissions (due to the 

positive role played by the oxygen content on the oxidation process) for butanol blends [25][28][29]. 

This reduction and the better soot reactivity when butanol blends are used [30], lead to a decrease in the 

Diesel Particle Filter (DPF) regeneration frequency, and therefore, lower oil dilution [31], lower fuel 

consumption and longer aftertreatment lifetime [32] can be reached. Regarding gaseous emissions, most 

of the studies concluded that THC emissions increase for increasing butanol content [26][33], while 

there was no consensus about CO and NOX gaseous emissions [26][34]. In the literature, startability 

problems have also been reviewed for butanol-diesel blends with high butanol contents at warm ambient 

temperature [27], whereas no study was found at cold ambient temperature. 

The novelty of this work lies on the study of n-butanol-diesel blends up to 20% by volume in a 

Euro 6 engine and in a Euro 6 vehicle at warm and cold ambient temperature under transient conditions 

(NEDC and WLTC driving cycles) in the engine test bench and in the chassis dynamometer, 

respectively. The selection of these blends was based on a previous characterization of n-butanol and 

ethanol blends with diesel and biodiesel fuels along the whole alcohol range. Butanol-diesel blends up 

to 20% (volume basis) represent a future scenario (around 2030 or beyond) in which higher renewable 

contents in diesel fuel will be required according with the latest European Directive [3]. These blends 

were tested trying to evaluate the emissions and engine performance as well as the maximum n-butanol 

content than can be introduced as blending component. The lack of information regarding startability 

and driveability also suggested studying these parameters at cold start under warm and cold ambient 

conditions. 

1.2 Objectives 

This thesis studies the effect of blending n-butanol with diesel fuels trying to identify the maximum 

butanol concentration as blending component attending to the requirements of the European standard 

EN 590 [35]. Once the most interesting blends were selected, engine and vehicle tests were made trying 

to evaluate their emissions and engine performance with respect to those obtained with fossil diesel fuel 

taking the Euro 6 regulation as reference [36]. Thus, the following objectives were proposed: 

• To evaluate how sustainable n-butanol is. With this purpose, a deep bibliographic analysis of the 

different butanol production methods, was carried out. 

• To check the viability of using n-butanol in diesel engines. With this objective, the current status 

of the fuel quality standars and the European emission regulations together with the n-butanol 

applications in commercial engines and vehicles as a blending component for diesel fuels, were 

reviewed. From this information, different n-butanol-diesel, n-butanol-biodiesel, ethanol-diesel and 

ethanol-biodiesel blends were defined and characterized. Practical information for the design of 

transport and storage equipment, pipelines and injector systems, knowledge about their miscibility 

and useful information about their autoignition behaviour, was obtained from the characterization 

study. Furthermore, some blends would be selected from this characterization study to further 

engine and vehicle tests based on the EN 590 [35] and the target establishes in the lastest European 

Directive [3] promoting the use of advanced biofuels in the transport sector. 

• To know if the use of n-butanol blends is beneficial in terms of performance and emissions and to 

get information about whether an engine recalibration is required or not. With this purpose, blends 

selected in the characterization study were tested in a modern Euro 6 Nissan 1.5 dCi engine at warm 

ambient temperature following the New European Driving Cycle (NEDC). The NEDC cycle was 
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programmed in the Road Load Simulation (RLS) system to avoid some uncertainties derived from 

human driver and thus, to get more accurare information about the fuel effect. 

• To evaluate the effect of n-butanol as a blending component under extreme ambient conditions. 

With this objective, n-butanol blends were tested in a Euro 6 Nissan Qashqai 1.5 dCi light-duty 

vehicle following the NEDC driving cycle at two different ambient conditions (24ºC and -7ºC). 

From these tests, information about the maximum butanol content that could replace winter diesel 

fuel at cold conditions and possible cold start problems, could be evaluated. 

• To evaluate if the effect of n-butanol on engine performance and emissions are conditioned by the 

certification procedure. For this target, the most promising blend, among the selected blends, in 

terms of engine performance, emissions and startability was tested under more dynamic conditions 

following the Worldwide Harmonized Light Vehicles Test Cycle (WLTC) at warm and cold 

ambient conditions. 

1.3 Background 

The Fuels and Engines Group of the University of Castilla-La Mancha, in which this research work 

was developed, has a deep experience on the study of the emissions and performance of diesel engines 

and vehicles fueled with liquid fuels. However, the novelty of this work lies on the characterization of 

n-butanol-diesel blends and on the the study of these blends at different ambient temperatures in a Euro 

6 engine and in a Euro 6 vehicle under transient conditions (NEDC) and (WLTC) in the engine test 

bench and in the chassis dynamometer, respectively. 

In Figure 1.2 the research background of the Fuels and Engine Group in the last years is shown. 
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Figure 1.2. Research background of the Fuels and Engines Group 

Since no previous studies were carried out in the Fuels and Engines Group in a Euro 6 diesel engine 

with n-butanol blends, interactions with previous thesis studies are mainly focused on: 

• The study of alcohol blends in diesel engines. 

- Thesis by José Martín Herreros. “Estudio del efecto del combustible sobre el tamaño y forma 

de las partículas emitidas por un motor diésel” [37]. In this study, the morphology (size and 

form) of particles emitted by a commercial automotive engine fueled with different biodiesel 

fuels, Gas-to-Liquids (GTL), ethanol-diesel blends and ethanol-biodiesel-diesel blends under 

different stationary engine modes were analysed. 

- Thesis by Reyes García-Contreras. “Estudio de mezclas basadas en bioetanol sobre las 

emisiones de un motor diésel” [38]. In this work, the miscibility of ethanol-diesel and ethanol-

biodiesel-diesel blends was analysed at different conditions. Furthemore the emissions and 

performance of these blends were tested in a diesel engine under different modes of the NEDC 

cycle. 
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- Thesis by Carmen Mata. “Estudio de las emisiones contaminantes y de la durabilidad de un 

sistema de inyección utilizando mezclas etanol-diésel en vehículos” [39]. This work focused on 

the emissions and performance from an urban buses fleet in Ciudad Real and Seville with 

bioetanol-diesel blends. In this study, the durability of the injection system with these blends 

was also analysed. 

- Some scientific publications were also authored by the Fuels and Engines Group about the study 

of alcohols properties [22][40][41]. 

• The study of emissions and performance in diesel engines under transient conditions. 

- Thesis by José Rodríguez. “Estudio bibliográfico y experimental de las emisiones y 

prestaciones de un motor trabajando con biodiesel” [42]. This thesis studies the performance 

and emissions of a diesel engine fueled with different biodiesel fuels under stationary and 

transient sequences.  

- Thesis by Dolores Cárdenas. “Estudio de las emisiones de motores diésel de automoción en 

condiciones de funcionamiento transitorias al usar biodiésel” [43]. In this study, the effect of 

the biodiesel fuel (produced from different raw materials) was analysed under transient 

conditions focused on the emissions and performance of the engine. 

- Thesis by Angel Ramos. “Emisiones contaminantes diésel en condiciones transitorias de 

motores y vehículos empleando combustibles alternativos” [44]. The effect of alternative fuels 

such as biodiesel and Gas-To-Liquid (GTL) was analysed under the NEDC cycle to study the 

emissions and performance in a diesel engine placed in the engine test bench. 

- Some scientific publications were also authored by the Fuels and Engines Group analyzing the 

emissions and engine performance of diesel engines under the NEDC [26] or some steady modes 

of the NEDC fueled with alcohols [45]. 

The following Degree Projects have also supported this thesis study [46][47][48][49][50][51]. 

1.4 Viability 

This thesis was funded by the European research project “Next Generation Bio-Butanol” 

(ButaNexT) Project EC- Contract nº 6404662, within the European Union Framework Programme for 

Research and Innovation Horizon 2020. 

This work has been posible thanks to the availability of the laboratories, engine test bench and 

chassis dynamometer facilities of the Fuels and Engines Group of the University of Castilla-La Mancha. 

On the other hand, this study was also possible thanks to the predoctoral contract for research 

traning in the framework of the research and development plan of the University of Castilla-La Mancha. 

This contract allowed this candidate to combine the doctoral thesis with the European research project 

“ButaNexT” and to develop the necessary analytical and technical skills focused on the n-butanol 

production, properties and uses in comercial engines and vehicles. 

This study, mainly carried out in the laboratories of the Fuels and Engine Group, was extended in 

the Future Power System (FPS) research group of the Birmingham University (United Kingdom) under 

the supervision of Dr. A. Tsolakis. This stay was possible thanks to the Mobility Grant under the 

Erasmus Intership Programm approved by the Vicerrectorado de Relaciones Internacionales y 

Formación Permanente of the University of Castilla-La Mancha. 

This work was possible thanks to Repsol as supplier of diesel fuel, Bio Oils for the donation of 

biodiesel fuel and Green Biologics Ltd. (member of ButaNexT consortium) for the donation of n-

butanol. Nissan also contributed to this study donating the engine and the vehicle, and facilitating the 

access to the engine cartography. 
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1.5 Structure of the doctoral thesis 

The doctoral thesis is divided in 8 chapters as shown in Figure 1.3. 

In chapter 2, the different butanol production methods and the butanol applications in commercial 

engines and vehicles as a blending component for diesel fuels under stationary or under transient 

conditions, are reviewed. Furthermore, a summary about the current fuel quality standards and about the 

European emission regulations have been included, since both could constitute legal restrictions for the 

promotion of the use of n-butanol in diesel engines. 

In chapter 3, the experimental installation and the equipment used for the characterization of the 

different blends and for engine and vehicle tests are described including the technical specifications of 

the equipment, the general scheme of the experimental installation and the software used. 

In chapter 4, the test plan, the methodology and fuels used for the characterization of the blends 

and for engine and vehicle tests (both under transient conditions), are specified. 

Results from this thesis are divided in chapter 5 (blend characterization), chapter 6 (engine tests) 

and chapter 7 (vehicle tests). 

In chapter 5, results from the blend characterization are presented. Results obtained are helpful to 

select the most adequate alcohol content range for blending ethanol and n-butanol with diesel and 

biodiesel fuels. Furthermore, based on the current European directives and on the expected future 

scenarios, two blends have been choosen to be tested following the New European Driving Cycle 

(NEDC) and the Worldwide Harmonized Light Vehicle Test Cycle (WLTC) in both, the engine installed 

on the engine test bench and the vehicle placed on the chassis dynamometer. 

In chapter 6, the selected n-butanol blends were tested under the NEDC programmed in the Road 

Load Simulation (RLS) system at warm ambient temperature Tests were carried out in an engine test 

bench trying to evaluate the effect of butanol on the engine performance and emissions. With the 

objective of finding the minimum particle emissions, additional n-butanol contents were tested.  

In Chapter 7, results obtained from engine tests were confirmed following the NEDC cycle in the 

chassis dynamometer, since identical engine model and the same ECU calibration were used for engine 

tests and for vehicle tests. The same n-butanol blends were tested in the vehicle following the NEDC 

cycle at warm and cold ambient conditions to find the maximum butanol content that could replace 

winter diesel fuel at cold conditions and to evaluate possible cold start problems. Finally, in order to 

evaluate if the n-butanol effect is conditioned by the certification procedure, the most promising blend, 

among the selected blends, in terms of engine performance, emissions and startability was tested under 

more dynamic conditions following the WLTC under warm and cold ambient conditions. 

In Chapter 8, the main conclusions from this doctoral thesis are summarized and some future works 

are proposed from the results of this study. 
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Figure 1.3. Structure of the doctoral thesis 
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2 BUTANOL AS FUEL: PRODUCTION AND USE 

2.1 Introduction 

The global increase in the energy consumption during last century has encouraged researchers to 

focus on the development and the implementation of advanced biofuels. Among the different options, 

the use of n-butanol as a renewable component for diesel fuels has superior interest. 

In this chapter, different butanol production methods and the butanol application in commercial 

engines and vehicles as a blending component for diesel fuels are discussed. Furthermore, the properties 

of n-butanol-diesel blends and their performance and emissions under stationary or transient conditions 

in the engine test bench or in the chassis dynamometer has been reviewed. 

Finally, a summary about the current fuel quality standards as well as a summary about the 

European emission regulations have been included, since both could constitute legal restrictions for the 

promotion of the use of n-butanol in diesel engines. 

2.2 Butanol isomers 

Alcohols are defined by the presence of a hydroxyl group (-OH) attached to one of the carbon 

atoms. Butanol has a 4-carbon structure and the carbon atoms can be arranged either as a straight-chain 

or as a branched structure. The location of the OH group affects the strength of the different C-H bonds. 

This effect is caused by the high electronegativity of oxygen with respect to the carbon atoms, whose 

tendency to attract electrons produces weaker C-H bonds [1]. There are four butanol isomers based on 

the location of hydroxyl group and the carbon chain structure:  

• n-butanol: CH3–CH2–CH2–CH2–OH straight chain alcohol with hydroxyl group at terminal 

carbon 

• sec-butanol: CH3–CH2–CH–OH–CH3 straight chain alcohol with hydroxyl group at internal 

carbon  

• iso-butanol: (CH3)2–CH2–CH–OH branched chain alcohol with hydroxyl group at terminal 

carbon  

• tert-butanol: (CH3)3–C–OH branched chain alcohol with hydroxyl group at internal carbon.  

The molecular structure and the main applications of different butanol isomers are shown in Table 

2.1 [2].  

Different production methods have been proposed for each butanol isomer. Among the biological 

processes, ABE (Acetone-Butanol-Ethanol) fermentation is the most popular one for production of n-

butanol [2]. Iso- and sec-butanol can also be produced from existing or under-development biological 

pathways [3][4]. However, tert-butanol is derived from petrochemicals [4]. Regading the application of 

different isomers, tert-butanol is very common as additive to improve the octane number of gasoline [5], 

and there are some studies testing isobutanol in gasoline engines with the same purpose [6]. However, 

n-butanol (with the most developed production process) is the butanol isomer with best properties to be 

used as a blending component for diesel fuel [7]. The rest of isomers have not been so extensively tested 

in diesel engine applications. 
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Table 2.1. Molecular structure of butanol isomers 

Butanol isomer Molecular structure Representation Main applications 

n-butanol 

 

 

Solvents 

Plasticizers 

Chemical intermediate for 

butylesters or butyl ethers 

Cosmetics 

Gasoline additives 

 

sec-butanol 

 

 

Solvent 

Chemical intermediate for butanone 

Industrial cleaners 

Perfumes in artificial flavors 

 

iso-butanol 

  

Solvent and additive for paint 

Gasoline additive 

Industrial cleaners 

Ink ingredient 

 

tert-butanol 

 
 

Solvent 

Denaturant for etanol 

Industrial cleaners 

Gasoline additive for octane booster 

and oxygenate 

Intermediate for MTBE, ETBE and 

TBHP 

 

All isomers have same molecular weight but different molecular structures that affects their 

properties. The properties of all isomers are presented in Table 2.2.  

Table 2.2. Properties of butanol isomers 

 n-butanola sec-butanolb iso-butanolb tert-butanolc 

Density (kg/m3) at 15ºC 811.5 806 802 789 

Lower heating value (MJ/kg) 33.20 32.90 32.96 32.60 

Molecular weight (kg/kmol) 74.12 74.12 74.12 74.12 

C (% wt) 64.86 64.86 64.86 64.86 

H (%wt) 13.51 13.51 13.51 13.51 

O (%wt) 21.62 21.62 21.62 21.62 

Boiling point (ºC) 117.4 99.5 108 82.4 

Standard enthalpy of vaporization (kJ/kg)d 620 671 684 511 

Vapour pressure (mmHg) 7.2 12.5 8.0 30.1 

Cetane numbere 12.0 8.5 8.5 5.6 

Research octane numberf 96.0 108.0 105.1 107.0 

Motor octane numberf 78.0 91.0 90.0 94.0 

aData measured by the author 
bData provided by Sigma-Aldrich 
cData provided by Panreac AppliChem 
dEstimated from the corresponding-state correlation proposed by Pitzer [8] with modified exponents as 

proposed in [9]. 
eData from Ref. [1]. 
fData from Ref. [1][10]. 
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2.3 Progress in n-butanol production 

2.3.1 History of n-butanol production 

The first evidence reported in the bibliography about the biological production of n-butanol was in 

1862 by the french microbiologist Louis Pasteur [11]. 

Between 1876 and 1910, the production of acetone–butanol and related solvents were researched 

by several scholars [12]. However, the industrial production of butanol and acetone, via the ABE 

fermentation, started in 1912–1916 [13]. In fact, during World War I, producing high quantities of 

acetone was required because it was used as an essential chemical to produce ammunition in Britain 

[14].  

After the war, the increasing demand of butanol led to the construction of large-scale industrial 

plants in Canada and USA. After 1936, several ABE production industries were established in Soviet 

Union, Japan, China, South Africa and Egypt. By 1945, during the start of the World War II, Japan 

started the production of butanol from sugar plants mainly as fuel for aircrafts [15]. 

Between 1950-1960, butanol production through ABE fermentation declined in Europe and North 

America because petrochemically derived butanol outcompeted biobutanol from ABE fermentations 

based on starch and sugar substrates such as corn and molasses. Therefore, butanol production from 

fossil sources became more popular in countries such as United States, England, Canada and Japan. 

Almost all butanol was produced through petrochemical routes, and it was called petro-butanol. In the 

petrochemical industry, butanol was mainly produced through the oxo synthesis, i.e., the 

hydroformylation of propene, followed by the hydrogenation of the aldehydes produced [16].  

In the 1970s, the oil crisis and the consequent increase in the price of fossil fuels motivated 

researchers to develop production methods for biofuels. The ABE process used bacteria to produce a 

6:3:1 ratio of butanol, acetone and ethanol. At that time, the first alternative fuel was ethanol. However, 

ethanol shows some problems related to its distribution since it cannot be transferred through the existing 

pipeline infrastructures in any practical concentration without corrosion and damage to rubber seals [2]. 

During the last 30 years, the advantages of butanol compared to ethanol in terms of properties, 

storage capacity and transport have led researchers to develop butanol production. Currently, n-butanol 

can be produced through biological or chemical routes [14] as shown Figure 2.1. 

 
Figure 2.1. Sumary of n-butanol production processes.  
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Among the biochemical routes, ABE fermentation, in which sugar, glycerol, or lignocellulose 

feedstocks are fermented by microorganisms to produce acetone, ethanol and n-butanol, is the most 

widely used [17]. Another biological pathway for n-butanol production is the IBE fermentation in which 

also ethanol and isopropanol are obtained [18]. N-butanol can also be produced from syngas 

fermentation. In this process, before fermentation, the biomass or waste feedstock is previously 

thermochemically converted to carbon monoxide (CO) and hydrogen (H2) synthesis gas (syngas).  

Among the chemical options, n-butanol can be produced from fossil resources through the 

following routes: i) oxo synthesis, ii) Reppe synthesis and iii) crotonaldehyde hydrogenation [16]. In 

the lattest, since the acetaldehyde used for the crotonaldehyde hydrogentation can be produced from 

methanol or ethanol, and the interest in biofuels keeps on growing, the production of n-butanol from 

catalytic conversion of ethanol (biological feedstock) has also been developed [19].  

Nowadays, upcoming European Directives including targets for 2030 promote the use of advanced 

biofuels and try to decline the use of biobutanol produced from food crop biomass (conventional 

biofuels) in the transport sector [20]. Therefore, the use of lignocellulosic feedstocks for butanol 

production, the use of advanced fermentation techniques and the development of the downstream 

processing techniques are some of the ways to improve the yield of the butanol production [21]. 

2.3.2 Biobutanol production through ABE fermentation 

2.3.2.1 Bacteria 

The most important microorganisms to produce butanol are Clostridial strains that include [22]: 

• Clostridium acetobutylicum 

• Clostridium beijerinkii 

• Clostridium saccharobutylicum  

• Clostridium saccharobutylacetonicum.  

Selecting a category or group of microorganisms for biological production of ABE depends on 

many factors, including the type of the initial substrate, the desired production rate, required additional 

nutrients, and bacteriophage resistance [23]. In the the traditional fermentation process, C. 

acetobutylicum and C. beijerinkii species are suitable for the fermentation process from corn whereas 

C. saccharobutylicum and C. saccharobutylacetonicum use molasses as feedstock [24]. Among these 

microorganisms C. beijerinckii and C. acetobutylicum are the most promising ones for commercial and 

laboratory applications with high efficiency [25]. In fact, native and modified forms of these two strains 

are the most commonly applied microorganisms in ABE production [26].  

Since Clostridium species are commonly used in ABE fermentation, a summary of the yield and 

the productivity of the process depending on the bacterium and the feedstock used are listed in Table 

2.3.  

In general, the highest yields are reached using the C. beijerinckii. This bacterium can ferment 

different types of sugar and shows an optimal pH range during the growth and the production of the 

solvents. Results from Table 2.3 confirm that biobutanol production from microalgae biodiesel residues 

is attainable. However, advanced research on fermentation approaches and bacteria is required to 

improve the still low biobutanol yield. 
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Table 2.3. Summary of Clostridium species used in ABE fermentation. 

Bacterium Feedstock 

Total ABE 

concentration 

(g/L) 

ABE 

productivity 

(g/L/h) 

Total ABE 

yield (g/g) 
Reference 

C. acetobutylicum 824A Lactose 1.43 0.77 0.15 [27] 

C. acetobutylicum ATCC 824 
Micro algae 

biodiesel residues 
3.86 - 0.13 [28] 

C. acetobutylicum IFP 921 Wheat straw 17.7 0.47 0.18 [29] 

C. acetobutylicum DSM 1731 Potato 33 0.63 0.13 [30] 

C. acetobutylicum DSM 1731 Oil palm sap 14.4 - 0.35 [31] 

C. acetobutylicum P262 
Defribrated sweet 

potato slurry 
7.73 1.0 0.2 [32] 

C. acetobutylicum P262 Corn stover 25.8 - 0.34 [33] 

C. acetobutylicum P262 Pinewood 17.6 - 0.36 [33] 

C. acetobutylicum P262 Whey permeate 8.6 3.5 0.36 [34] 

C. beijerinckii tyrobutyricum Cassava starch 6.6 0.96 0.18 [35] 

C. beijerinckii B-592 Pinewood 18.5 0.31 0.27 [36] 

C. beijerinckii B-592 Wheat straw 17.9 0.3 0.28 [36] 

C. beijerinckii BA101 Corn fiber 9.3 0.1 0.39 [37] 

C. beijerinckii BA101 
Liquefied corn 

starch 
26.5 0.4 0.41 [38] 

C. beijerinckii BA101 
Starch and 

glucose 
9.9 0.42 - [39] 

C. beijerinckii P260 Barley straw 26.6 0.39 0.43 [40] 

C. beijerinckii P260 Wheat straw 21.4 0.31 0.41 [41] 

C. butylicum NRRL B592 Apple pomace 1.05 - - [42] 

C. butylicum TISTR 1032 and B. 

subtilis WD 161 
Cassava 7.4 0.1 - [43] 

C. saccharobutylicum DSM 

13864 
Sago 9.1 0.85 0.29 [44] 

C. saccharoperbutylacetonicum 

ATCC 27022 
Bagasse 18.1 0.3 0.33 [45] 

C. saccharoperbutylacetonicum 

ATCC 27022 
Rice straw 13.0 0.15 0.28 [45] 

C. saccharoperbutylacetonicum 

N1-4 

Wastewater 

microalgae 
3.74 0.10 0.17 [46] 

C. saccharoperbutylacetonicum 

N1-4 
Mixed microalgae 3.74 - - [47] 

2.3.2.2 ABE fermentation pathway 

Figure 2.2 shows the pathway of the biobutanol production through ABE fermentation using C. 

acetobutylicum as a bacterium [48]. There are three major classes of products during fermentation:  

• solvents: acetone, ethanol and butanol 

• organic acids: acetate and butyrate  

• gases: carbon dioxide and hydrogen 
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Figure 2.2. ABE fermentation pathway for n-butanol production. Based on [36]. 

The metabolic pathway converts carbohydrates into volatile fatty acids, and solvents by C. 

acetobutylicum via anaerobic fermentation [15]. The ABE fermentation mechanism metabolizes carbon 

from carbohydrates in the form of pentose and hexose sugars to pyruvate. Pyruvate is further converted 

to acetyl-CoA and carbon dioxide (CO2) The biosynthesis of acetone, ethanol and butanol share the 

same metabolic pathway from glucose to acetyl coenzyme A (acetyl-CoA) but thereafter branches into 

different pathways. In fact, acetyl-CoA is converted to other intermediates (acetaldehyde, acetoacetate 

and butyraldehyde) which ultimately lead to ethanol, acetone and butanol, respectively [14]. 

The metabolic pathway of the ABE fermentation using C. acetobutylicum has two main phases as 

shown in Figure 2.3: 

• The first phase, called acidogenesis, is characterized by rapid growth. In this stage, carbohydrates 

are used to form organic acids, mainly acetate and butyrate which are excreted into the medium 

(thereby lowering the medium pH). This occurs under specific growth conditions, such as pH values 

higher than 5 [49]. 

• The second phase, called solventogenesis, starts after the pH of the medium has fallen below 

approximately 5. During this stationary period, acetic and buryric acids are metabolized into 

acetone, butanol and ethanol. The pH has a significant effect on bacterial growth and butanol yield 

and productivity. 
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Figure 2.3. Acidogenesis and solventogenesis 

Between the variables affecting ABE fermentation, pH, temperature, substrate concentration and 

product concentration are the most significant. In order to guarantee favorable conditions to ABE 

fermentation, pH should be around 5 and the temperature around 32-37 °C. Furthermore, solvent 

concentration should be lower than 20 g/L to avoid cell inhibition [17]. 

2.3.2.3 Feedstocks for butanol production 

Traditionally, conventional biobutanol was usually produced from sugary or starchy crops such as 

corn, sugarcane, potatos, cereals or wheat. However, the high cost of these substrates and concerns of 

food versus fuel have diverted the attention towards advanced biobutanol that contribute to reduce 

greenhouse emissions and to the fulfillment of energy targets without altering the food market such as 

waste or lignocellulosic feedstocks that are non-edible residues of food crop production or non-edible 

plant biomass and algae [36]. 

Conventional biobutanol requires a relatively simple process to be produced, mostly afforded by 

fermentation of mostly hexose sugars. These sugars are produced through hydrolysis of starch-rich crops 

such as corn, wheat, rice and cassava. Several researchers have demonstrated that conventional butanol 

production can be achieved at significantly high yields [14].  

Waste or lignocellulosic materials are currently under investigation for ABE fermentation. They 

include agricultural wastes, forestry residues, grasses and woody materials. Despite lignocellulosic 

materials are inexpensive, renewable and abundant, they involve some difficulties because during the 

butanol production process some energy is required to release the carbohydrates from the lignocellulose, 

and during hydrolysis, inhibitors are generated which slow down fermentation [50]. Advanced biofuels 

from this kind of feedstocks are generally produced by two different approaches i.e. biological or 

chemical processes [14]. 

Algae has increasingly become a promising feedstock, arising from its vast availability. However, 

few studies report biobutanol production from algae because most species have high oil content (around 

50%) [51], and this makes it more suitable for biodiesel production. The remaining green waste which 

is left after oil extraction can be further used to produce biobutanol. There are two different types of 

algae, microalgae and macroalgae. Macroalgae have lower protein and lipid content, but higher 

carbohydrates content than microalgae [52][53]. However, most research reports [28][54] have mainly 

focused on microalgae. 
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2.3.2.4 Problems for butanol production  

The main limitations that hinder the economical competition of ABE fermentation with respect to 

petrochemical synthesis are: 

• Low final solvent concentration (in general lower than 20 g/L, as shown in Table 2.3). 

• Concomitant presence of unwanted products such as butyrate and acetate (apart from acetone and 

ethanol). 

• An average low yield of butanol (<0.2 g/g). 

• So far, biobutanol production is not economically feasible [55]. 

These limitations in butanol production are mainly associated with the following problems: 

• Solvent toxicity. One of the most critical problems in ABE fermentation is solvent toxicity. Toxic 

nature of butanol, as well as other inhibitors, would destroy the ability of Clostridia to maintain 

internal pH, reduce the intracellular level of ATP and inhibit glucose uptake, which severely 

restricts the cell growth and cell density during solventogenic fermentation processes. Specifically, 

clostridial cellular metabolism typically ceases in the presence of more than 20 g/L of solvents. 

Butanol is more toxic than others [14]. High butanol levels induce an adverse alteration in the cell 

membrane of C. acetobutylicum modifying its structural framework and affecting in the membrane 

fluidity [55]. Nearly a 20–30% rise in membrane fluidity has been observed for C. acetobutylicum 

in response to 1% butanol exposure [56]. 

• Bacteriophage contamination. Bacteriophage infection during ABE fermentation is a common 

technical challenge which leads to slower growth and reduced solvent production [57]. 

Bacteriophage contamination leads to a decrease in Clostridial cell population, increase the loss of 

motility and promote the appearance of elongated cells [55]. The main symptoms of the 

bacteriophage infection are: (i) longer fermentation time, (ii) reduced butanol yields, (iii) lower 

evolution of fermentation gases such as H2 and CO2, (iv) high organic acid levels (acetic acid and 

butyric acid), and (v) high levels of unutilized sugars in the medium.  

• Typically, the utilization of Clostridium in ABE fermentation leads to strain degeneration and the 

loss of the capacity to produce solvents. Degeneration can be caused by excessive acidification of 

the culture during exponential growth. i.e., glucose is converted to acetic and butyric acids at an 

uncontrolled rate, therefore exceeding the rate of induction of the solventogenic pathway enzymes. 

As a result, the medium pH drops and the cells cannot switch to solventogenesis [58].  

• Limitations in butanol recovery. Traditional butanol recovery processes are energy intensive, 

making biobutanol production expensive. Butanol can be recovered from the fermentation broth 

through several technologies such as adsorption, distillation, gas stripping, liquid-liquid extraction, 

perstraction, pervaporation and supercritical fluid extraction [55][59]. 

• Cost of biomass feedstock. ABE fermentation has traditionally depended on expensive feedstocks. 

Currently, efforts must be directed towards decreasing substrate costs, as exposed in Section 2.3.2.3 

[14]. 

2.3.2.5 Perspectives and strategies to improve biobutanol production  

To achieve a better economic competitiveness of ABE fermentation, research efforts are focused 

on the high cost of substrates, the low butanol concentration in the fermentation broth, the strain 

degeneration, and the excessive cost from downstream processing [26]. Besides looking for different 

bacteria (already discussed in Section 2.3.2.1), these main strategies pursued are: 

• The use of agricultural residues as feedstocks. The problem associated with the high cost of raw 

material may be eliminated by cheap and abundant lignocellulosic biomass in the longer term. 
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Lignocelluloses are the most abundant renewable resource in the world and have great potential as 

a low-cost substrate for butanol fermentation [60]. Enough fermentable carbon substrates can be 

obtained from lignocellulosic biomass without competing with food supplies. However, the use of 

lignocelullosic materials require the application of some pretreatment techniques to release the 

sugars from the lignin. Some of the pretreatment options are listed in Table 2.4. 

Table 2.4. Pretreatment techniques [61][62] 

Method Technique Advantages 

Mechanical - Milling, crushing - Reduce the particle size 

Physicochemical 

- Steam explosion 

- Explosion of ammonia fiber 

- Explosion of supercritical CO2 

- Oxidation of humid air 

- Individualized separation of 

cellulose fibers 

- Solubilization of hemicellulose  

- Rupture of the cellulosic 

structure 

Chemical 
- Acid hydrolysis 

- Alkaline hydrolysis, 

- Effective hydrolysis of 

hemicellulose to xylose 

 

• Optimization on fermentation pathways. Through the traditional biphasic route of butanol 

fermentation (Figure 2.4 left, which shows a simplified scheme of Figure 2.2), some of the organic 

acids (acetate and butyrate) formed in the acidogenic phase, are thereafter transformed into acetone, 

ethanol and butanol during the solventogenic phase [63]. However, butanol can also be produced 

directly from butyryl-CoA (Figure 2.4 right). The direct route is only possible if the genes are 

eliminated, encoding the enzymes responsible for acid formation. It is reported that the direct route 

using gene-engineering strain of C. acetobutylicum can produce 18.9 g/L of butanol with a specific 

yield of 0.71 mol butanol/mol glucose by batch fermentation, which are between 160 and 245 % 

higher than that of its wild type strain respectively. However, the direct route results in a decrease 

in ATP yield that can lead to slower growing culture [64]. 

  
Figure 2.4. Biphasic (left) and direct (right) routes for butanol fermentation 

• Advanced fermentation techniques. Traditionally, batch fermentation was commonly used for n-

butanol production at an industrial scale. However, during the last two decades, a lot of research 

has focused on alternative fermentation processes. Ezeji et al. [65] concluded that higher n-butanol 

productivity is reached in a continued operation. This result was confirmed in the study carried out 

by Van Hecke et al. [66] which concluded that continuous reactor leads to higher solvent 

productivity and higher solvent concentration than batch and fed-batch reactors. 



E.T.S.I. Industriales, UCLM   

24 

• Manipulation of the redox balance. Manipulation of redox balance can push the metabolism of C. 

acetobutylicum towards butanol formation. Improvements in butanol production by C. 

acetobutylicum and other solventogenic strains can be achieved by lowering the redox potential, 

for example, by using glycerol as co-substrate [63]. 

• Downstream processing techniques. The butanol recovery implies its separation, purification and 

recycling before return to the fermentor. Separation methods can be grouped based on energy, mass 

or kinetics [67]. Processes that allow in situ butanol recovery are listed in Table 2.5, with 

qualification of their expected performance by means of signs +,++ or +++. 

Table 2.5. Butanol recovery methods 

Recovery  

method 

Advantages Limitations Performance 

Distillation - Simple 

- Established as a commercial 

process 

- High operating cost  

- High energy 

consumption 

++ 

Gas stripping - Simple 

- Avoids dirtying and clogging 

- The use of external equipment 

allows heating without modifying 

the fermentation temperature 

- High operating cost ++ 

Pervaporation - Selective butanol recovery 

- Membrane stability 

- High capital cost +++ 

Adsorption - Recovery with high energy 

efficiency 

- Low absorbent capacity  

- Unfeasible for industrial 

scale 

- Most adsorbents remove 

acetate and butyrate as 

well 

+++ 

Reverse 

osmosis 

- Simple - Solubility of the 

membrane in acetone  

+ 

Liquid-liquid 

extraction 

- Robust technology - Might introduce an 

additional toxicity 

- Can lead to stable 

emulsions which are hard 

to separate 

- Solvent losses in 

raffinate complicate 

waste water treatment 

+ 

 

2.3.3 Other conversion routes 

Although the n-butanol production from ABE fermentation is nowadays the most studied route due 

to its biological pathway, in this section, other biological and chemical pathways for n-butanol 

production (listed in section 2.3.1) are described. 

2.3.3.1 Biological routes 

2.3.3.1.1 IBE fermentation 

The biological pathway for n-butanol production was commonly conducted through ABE 

fermentation using Clostridial strains (especially C. acetobutylicum and C. beijerinckii). However, since 
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the demand for acetone is limited (solvent for many plastics or household products) and it cannot be 

used as a fuel component due to its corrosiveness to some engine parts made from rubber or plastic, the 

production of acetone is considered as undesirable [68], and, therefore, other acetone-free pathways, 

such as IBE fermentation, have gained interestest. 

Some natural Clostridium beijerinckii strains have a natural primary/secondary alcohol 

dehydrogenase that catalyzes the reduction of acetone to isopropanol. Isopropanol is used as an 

industrial solvent in various applications, such as a cleaning agent. It can also be used as a fuel additive 

for high-octane gasoline [69]. This biological pathway (see Figure 2.5 ) produces isopropanol, n-butanol 

and ethanol as solvents [70].  

 
Figure 2.5. IBE fermentation pathway for n-butanol production. Based on [18]. 

The dashed line to isopropanol indicates that only some strains of C. beijerinckii are able to perform 

this reaction. However, the IBE fermentation can be developed from a C. acetobutylicum strain by 

introducing the secondary alcohol dehydrogenase gene of Clostridium beijerinckii [71]. Currently, the 

secondary alcohol dehydrogenase gene was commonly taken from C. beijerinckii NRRL B-593 and 

introduced into C. acetobutylicum for the conversion of acetone to isopropanol [70]. 

However, the IBE yield of these natural isopropanol producers is still non-competitive to the 

industry. In fact, Ng et al. [72] reported isopropanol, n-butanol and ethanol titers of 2.22, 8.13 and 1.8 

g/L, respectively, using C. beijerinckii NRRL B-592. 

2.3.3.1.2 Syngas fermentation 

N-butanol can also be produced by fermentation on the synthesis gas. Economically, a process 

based on cheap and abundant gases such as CO and CO2 is preferable to more expensive sugar or starch. 

Syngas fermentation is part of the hybrid thermochemical–biochemical process. The use of gas 

fermentation for the production of biobutanol from lignocellulosic biomass is currently under intensive 

research. In this process, biomass such as forestry crops, perennial grasses and agricultural residues is 

first gasified and subsequently fermented by acetogenic bacteria [73]. 

During gasification process, feedstock is thermochemically converted to carbon monoxide (CO) 

and hydrogen (H2) synthesis gas (syngas) through the use of oxygen, steam, air, or supercritical water 

[74]. Syngas mainly consists on carbon monoxide (CO), hydrogen (H2) and carbon dioxide (CO2). 
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Syngas produced from biomass can also contain other gases, solids and condensable volatiles [75]. The 

conversion of biomass to synthesis gas is mainly composed of three stages: feedstock pre-treatment and 

feeding, gasification, and gas cleaning. When the gasification process is coupled with the fermentation 

process of the syngas, the robustness and adaptability of the acetogenic bacteria reduce the requirements 

for gas cleaning. 

In the syngas fermentation, CO or CO2 are converted to acetyl-CoA following the Wood–Ljungdahl 

pathway. Acetyl-CoA can be produced directly from CO, or from CO2 that: i) after several reductive 

steps it (CO2) is reduced to produce the methyl group of Acetyl-CoA being transformed in formate and 

Formyl-THF, among others (left branch), ii) through the reduction from CO2 to CO. From the central 

intermediate acetyl-coenzyme A (acetyl-CoA), ethanol and n-butanol are formed following the same 

pathway previously explained for ABE fermentation (see Section 2.3.2.2) [76]. 

Figure 2.6 shows the pathway for the butanol production through syngas fermentation. This figure 

also details the kind of bacteria that promote the formation of different solvents. This schematic diagram 

does not represent stoichiometric balances.  

 
Figure 2.6. Syngas fermentation process 

Butanol formation was only reported to be produced using acetogenic bacteria such as Clostridium 

carboxidivorans, Clostridium scatologenes and Butyribacterium methylotrophicum, among others [77]. 

There are several challenges in the syngas fermentation process such as the low mass transfer of 

the reactive gases (CO and H2) to the cells and the low butanol productivity [78]. 

2.3.3.2 Chemical routes 

Chemical routes commonly use fossil resources as a feedstock. For the production of n-butanol, 

there are three petrochemical processes with industrial importance. 

2.3.3.2.1 Oxo synthesis 

The butanol production through the oxo synthesis consists on the hydroformylation of propene, 

followed by the hydrogenation of the aldehydes produced. Figure 2.7 shows the chemical pathway for 

the n-butanol production [2]. In this process, carbon monoxide and hydrogen are added to the C-C 
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double bond of propene in the liquid phase in the presence of catalysts like cobalt or rhodium. An 

isomeric aldehyde mixture of n-butanal and isobutanal is obtained. The catalytic hydrogenation of the 

aldehydes already formed (n-butanal and isobutanal) with H2 and a nickel catalyst leads to produce n-

butanol and isobutanol in a proportion 80:20 [16]. 

 
Figure 2.7. N-butanol production through the oxo synthesis [2]. 

2.3.3.2.2 Reppe synthesis 

N-Butanol can also be produced by Reppe synthesis, i.e., the carbonylation of propene, developed 

by Walter J. Reppe in 1942. In this process, propene, carbon monoxide and water react at a pressure of 

0.5–2 × 106 Pa and a temperature of 100 °C in the presence of a catalyst (tertiary ammonium salt or 

polynuclear iron carbonyl hydrides) [16]. The Reppe process directly produce n-butanol and isobutanol 

at low temperature and pressure in a ratio of 86:14. The Reppe process was not as commercially 

successful as the oxo synthesis with the Co catalyst despite the more favorable ratio of n-butanol to 

isobutanol because of the more expensive process technology [17]. 

 
Figure 2.8. N-butanol production through the Reppe synthesis. Based on [16]. 

2.3.3.2.3 Crotonaldehyde hydrogentation 

Until the mid 1950s, the manufacture of n-butanol based on acetaldehyde using crotonaldehyde 

hydrogenation was a common route. However, with the development of the oxo synthesis, it has lost 

importance in the last decades [16]. The process (Figure 2.9) consists on (i) aldol condensation of two 

acetaldehyde molecules, (ii) dehydration of the 3-hydroxybutyraldehyde to crotonaldehyde and (iii) 

final hydrogenation to form butanol [17]. 
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Figure 2.9. N-butanol production through the crotonaldehyde hydrogenation. Based on [16]. 

This process has been recently reconsidered as a second stage of an alternative route for biobutanol 

production from catalytic conversion of ethanol, since acetaldehyde can be produced from ethanol (or 

bioethanol). As the interest in biobutanol keeps on growing, this chemical route has been extensively 

developed [19].  

This chemical route, known as Guerbet reaction, couples two molecules of ethanol to produce a 

molecule of n-butanol (which contains the sum of the carbons of the reactant molecules), with the release 

of water as shown Figure 2.10 [79]. 

There are three main reactions associated with the conversion of n-butanol from ethanol [80]:  

• The first liquid phase reaction is the dehydrogenation of ethanol, which allows the removal of 

hydrogen in a chemical reaction, to form acetaldehydes. 

• The aldol condensation of acetaldehyde through the Guerbet reaction  

• The hydrogenation of the insaturated product obtained from the condensation. This results in 1-

butanol through different intermediates. 

 
Figure 2.10. The reaction mechanism to form n-butanol from ethanol. Based on [14]. 

Although the reaction mechanisms from liquid phase are more extended, Ndou et al. [81] and Ueda 

et al. [82] proposed a mechanism for the gas phase reaction of ethanol over a zeolite catalyst to 

synthesize butanol. Gas phase reaction does not involve the formation of intermediates such as 

acetaldehydes and crotonaldehydes. However, to date, few reports have been published about the gas 

phase reaction of n-butanol. 

2.3.4 Next generation bioButanol (ButaNexT project) 

The interest for using more sustainable feedstock for butanol production has changed as a 

consequence of recent directives. Few years ago, European Directive (EU) 2015/1513 [83] targeted a 
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scenario where only the 0.5 % of the renewable fraction proposed in transport fuels for 2020 (10%) 

should be advanced biofuels (indicative target). Recently, European Directive (EU) 2018/2001 [20] has 

increased up to 14% the mandatory renewable energy in transport sector and up to 3.5% the minimum 

content of advanced biofuels and biogas for 2030.  

Since biobutanol production from traditional feedstocks is largely studied and motivated for the 

current directives, the ButaNexT project (in which this thesis study is involved) aims to promote the use 

of advanced biofuels, i.e., new fuels from waste or lignocellulosic materials or alternative production 

techniques, able to reduce life-cycle greenhouse emissions and thus to contribute to restrain global 

warming. Specifically, ButaNexT consortium targeted their effort towards developing the conversion of 

two sustainable lignocellulosic feedstocks (wheat straw and miscanthus) available at EU level, into 

biobutanol through the integration of different technology developments [84]. Lignocellulose consists 

of lignin, hemicellulose and cellulose and needs special pretreatment before obtaining fermentable C5 

and C6 carbohydrates. 

A feedstock assessment carried out by ButaNexT consortium found that the wheat straw and the 

miscanthus availability across all EU member states are 58.4 Mt and 20.3 Mt, respectively. These 

resources would be enough for roughly 158 commercial-scale biobutanol plants using wheat straw and 

45 using miscanthus as a feedstock. 

In order to increase the yield of the butanol production, the consortium has developed a two-step 

pretreatment process (Figure 2.11) to convert different lignocellulosic biomass, resulting in higher yields 

in sugar release during enzymatic hydrolysis: 

• Firstly, a milling process which reduced the biomass particle size up to less than 0.5 mm, thus 

reducing the energy consumption up to 25% compared to conventional technologies studied. 

• Secondly, a thermochemical pretreatment in a continuous horizontal reactor which the aim of 

increasing saccharification yields out of the feedstocks. 

 
Figure 2.11. Schematic flowchart of the ButaNexT process [85]. 

The main efforts of the consortium for increasing the total ABE productivity are focused on the 

development of the enzymes and the strains [86]:  

• Specific enzymes were developed for these feedstocks reaching in the enzymatic process a total 

sugar yield of 90% in the case of pretreated wheat straw, whereas for pretreated miscanthus, the 

increase was almost 70%. In addition, in most cases, the 80-90% of recovery sugars were released 
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already after 24 hours of hydrolysis, indicating a clear improvement in hydrolysis rate. C. 

acetobutylicum ATC 824 and GBL proprietary clostridial strains were used. 

• Specific strains with improved tolerance to inhibitors present in a representative cellulosic 

feedstock were developed. The resulted mutants produced over 20% higher maximum butanol 

concentrations (g/L) than the control strains and showed significant increases in sugar uptake rate 

compared with those without mutation. 

In the process proposed in ButaNexT project, the hydrolysate obtained after the enzymatic 

hydrolysis is filtrated before going to the fermentor (Figure 2.11). 

In order to solve the product inhibition, which is one the main problems of the conventional ABE 

fermentation (see Section 2.3.2.4), the in situ product recovery was developed. This configuration, 

developed by ButaNexT consortium, can be achieved through the integration of organophilic 

pervaporation in the clostridial fermentation process (Figure 2.11). Since the inhibitory solvents are 

removed from the fermentation broth while being produced, the solvent (acetone-butanol-ethanol) 

productivities increase up to 0.97 g/L/h in continuous conditions. This integrated concept with 

pervaporation not only alleviates product inhibition on microorganisms, but also results in significant 

reductions in the steam consumption and in the energy consumption in further downstream processing 

as well as reduces the waste water production per kilogram solvent [85]. 

The process previously described (from feedstock handling to product separation) is illustrated in 

Figure 2.12. 

 
Figure 2.12. Butanol production process carried out in ButaNexT project. Based on [84]. 
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2.4 N-butanol properties 

2.4.1 Previous works on n-butanol properties 

Advanced biofuels play an important role to reduce fossil fuel consumption in diesel engines. 

Particularly, oxygenated fuels such as alcohols are recognized as a effective way to reduce soot 

emissions [87]. Among the alcohols to be used in diesel blends, ethanol and butanol have proved to have 

a significant potential to reduce life-cycle greenhouse gas emissions, as far as they can be produced from 

biological processes. Specifically, n-butanol has superior interest since it can be produced from ABE 

fermentation (Section 2.3.2). 

Although the alcohol most commonly used as a fuel component in the transport sector is ethanol, 

the higher cetane number of n-butanol, together with its higher heating value, better viscosity, better 

lubricity, higher flash point and better miscibility with diesel, especially at low temperature, suggest that 

n-butanol is a better renewable component than ethanol in diesel blends [88][89][90]. 

The main properties of ethanol and n-butanol are listed in Table 2.6. 

Table 2.6. Summary of ethanol and n-butanol properties [90]. 

Properties Method Ethanol N-butanol 

Purity (%v/v)  99.7 99 

Density at 15ºC (kg/m3) EN ISO 3675 789.4 809.7 

Kinematic viscosity at 40ºC (cSt) EN ISO 3104 1.13 2.22 

Lower heating value (MJ/kg) UNE 51123 26.83 33.09 

C (wt %)  52.14 64.82 

H (wt %)  13.13 13.60 

O (wt %)  34.73 21.59 

Water content (ppm wt) EN ISO 12937 2024 1146 

Molecular weight (kg/kmol)  46.07 74.12 

Boiling Point (ºC)  78.3 117.5 

Stoichiometric fuel/air ratio  1/9.01 1/11.19 

CFPP (ºC) EN 116 <-51 <-51 

Lubricity (WSD) (µm) EN ISO 12156 1057 591 

Cetane number  8a 17b 
a: taken from [91][92]. 
b: taken from [93][94]. 

Despite n-butanol is more interesting as a renewable blending component for diesel fuels (their 

physicochemical properties are closer to diesel fuel) than ethanol, n-butanol can not directly replace 

diesel fuel [95]. Literature reports that butanol-diesel blends can be tested up to 40%  butanol content 

(volume basis) without engine modifications [96][97]. 

The following points summarize why n-butanol is better option than ethanol to be use as a blending 

component for diesel engines. 

• Higher density. Density affects the spray formation, the injection timing, the atomization and the 

combustion characteristics, among other effects [98]. The density of n-butanol is lower than that of 

diesel fuel, therefore, smaller amount of alcohol is injected by fuel pump under volumetric 

operating conditions [99][100]. However, higher density was reported for pure n-butanol with 

respect to pure ethanol [90]. 



E.T.S.I. Industriales, UCLM   

32 

Since the excess volume of liquid blends has strong implications on the fuel consumption and on 

the sizing of fuel tanks, a deep knowledge is required. There is no much literature about butanol-

diesel systems. Aissa et al. [101] and Dubey et al. [102] reported positive excess volume for blends 

of n-butanol and one of the diesel components (n-hexadecane) at 298.15 K, 303.15 K 308.15 K and 

313.15 K whereas Mehra et al. [103] concluded negative excess volume from the range from 303.15 

to 318.15 K. The reported positive excess volume was attributed to the predominance of dispersive 

forces. Regarding ethanol, Barabás [104] and Djojoputro et al. [105] concluded that ethanol-

biodiesel blends shows positive volume excess in all the concentration range from 273.15 K to 

333.15 K.  

• Higher viscosity. The viscosity affects the atomization of a fuel when it is injected into the 

combustion chamber, the size of the fuel droplets, the formation of engine deposits and the lubricity 

of the fuel [106][107].  

High-viscosity fuels require more energy in the fuel pump and increase wear in the injection system 

[108]. On the contrary, fuels with excessively low viscosity may not provide sufficient lubrication 

for the injection system leading to greater pump and injector leakage, reducing maximum fuel 

delivery, and thus decreasing power output.  

Lapuerta et al. [90] reported that viscosity values decreases for increasing alcohol contents in 

alcohol-diesel blends. Results also show that viscosity is not proportional to the volumetric, mass 

or molar alcohol content. According to the EN 590 standard of diesel fuels, which establishes that 

viscosity values should be higher than 2 cSt [109], only ethanol-diesel blends with ethanol content 

up to 22% (volume basis) fulfil this requirement. Since the viscosity of alcohols increases with 

longer carbon chain, n-butanol-diesel blends would have no restriction in all the butanol 

concentration range. The reduction in viscosity from blending alcohols (ethanol or n-butanol) with 

diesel fuel can be compensated by adding biodiesel [110][111]. 

Although alcohols have been widely used in chemical and petroleum industries, accurate and 

reliable knowledge of their viscosity is required for the design of transport equipment or pipelines 

[112].Therefore, generalized correlations for the prediction of the viscosity of liquid mixtures are 

needed. Among the different methods, Cano-Gómez et al. [113] studied different butanol-biodiesel 

blends and reported that Grunberg-Nissan fit better to experimental data than other modelling 

methods such us Kendall-Monroe or Bingham equations. Lapuerta et al. [90] modelled the viscosity 

of different alcohols (ethanol, propanol, n-butanol and n-pentanol) with diesel fuels through 

Grunberg-Nissan equation. 

• Better lubricity. Controlling the fuel lubricity is essential to protect some engine components with 

direct contact with fuel such as injectors, fuel pumps and fuel rails against wear problems. Pure n-

butanol shows better lubricity than pure ethanol [90]. Vinod Babu et al. [97] reported that, in 

general, the lubricity of pure alcohols improve (leading to a lower wear scar) for increasing 

molecular weight of the alcohols. However, the lubricity of pure pentanol was worse than that of 

n-butanol. 

For intermediate alcohol concentrations, diesel blends with long carbon chain alcohols (n-butanol 

and n-pentanol) showed worse lubricity than those with short carbon chain (ethanol and propanol). 

The lubricity of ethanol-diesel blends at intermediate ethanol content was better than expected as a 

consequence of the alcohol evaporation from the lubricating layer [114][115]. 

Lapuerta et al. [90], who studied the lubricity of different alcohols (ethanol, propanol, n-butanol 

and n-pentanol) with diesel fuel, reported that following EN 590 standard [109], which requires a 

wear scar lower than 460 µm at 60ºC, only those ethanol-diesel blends with ethanol content higher 

that 92% volume basis or butanol-diesel blends with butanol content above 35%, both volume basis, 

would not fulfil this standard [90].  
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• Higher heating value. Alcohols show lower heating value than diesel fuels. Therefore, more amount 

of the alcohol is required to produce the same power output in the engine. However, this property 

increases for increasing carbon atom number. Comparing ethanol and n-butanol, the latter has more 

energy density (25%) in volume than ethanol, reducing the fuel consumption needed to keep an 

specific load in diesel engines [116][117].  

• Better blend stability. Alcohol-diesel blends can be separated into different phases under specific 

conditions. This stability strongly depends on the temperature, humidity and fuel composition. In 

fact, when the temperature decreases, the unstable region becomes wider. Lapuerta et al. [90] 

studied the blend stability of different alcohols (methanol, ethanol, propanol, n-butanol and n-

pentanol) blended with diesel fuel and concluded that alcohols with high long carbon chain shows 

better blending stability than those with low carbon chain. 

The polarity of alcohols is induced by the hydroxyl group (R–OH), which is among the most polar 

chemical groups. When the carbon chain of the alcohol increases, the non polar part of the molecule 

becomes dominant, reducing the global polarity. Therefore, better blending stability is observed 

between the non-polar aliphatic chain of the alcohol and the mainly non-polar aromatic structures 

of diesel fuels [118]. Low blend stability was reported for ethanol-diesel blends, specifically at 

intermediate ethanol contents (from 15% to 75% ethanol content) [119][120]. In fact, Kwanchareon 

et al. [121] reported the appearance of two liquid phases for ethanol-diesel blends from 10ºC 

downwards. However, butanol-diesel blends showed better blend behaviour in the whole butanol 

range. Butanol-diesel blends do not need emulsifying agents since the blend does not separate even 

after several days [122]. Ethanol-diesel blend stability problems can be compensated by 

additivation or adding biodiesel to the blend [89][121]. Strong interactions are formed between the 

hydroxyl group of ethanol and the ester group (R-COO-R’) of biodiesel. The intensity of these 

interactions is even enhanced by the formation of hydrogen bonds [123].  

• Better cold-flow properties. Bioalcohols, with low freezing temperature, have proven to be a 

sustainable alternative to improve the cold flow properties of diesel fuels (especially biodiesel) 

[124]. Recent biodiesel filter plugging problems were reported in mild and cold weather countries 

causing operating problems mainly attributed to the cristallization of monoacylglycerols of 

saturated fatty acids, sterol glycosides and other impurities [125][126][127]. As a consequence, 

additional requirements have been proposed in both, European [109] and non-European [128] 

countries to limit operability problems in diesel engines. In Europe, standard EN 590 stablishes 

some limits for cold filter plugging point (CFPP) and for cloud point (CP). However, there is no 

standard establishing limits for pour point (PP) and only British and Australian standards establish 

limits for filterability (FBT). 

Among alcohols, the benefits of blending light alcohols such as methanol and ethanol with diesel 

fuels are limited by their weak miscibility [89][90]. The intersolubility of ethanol-diesel blends 

decrease for decreasing temperatures, with the cold flow properties (CFPP, CP and PP) being 

consequently affected by the formation of a gelatinous phase or by phase separation. As a 

consequence of its better blend stability over a wide range of temperatures for the whole 

concentration range, n-butanol improves the cold flow properties of diesel fuels (specially for high 

alcohol content). Regarding alcohol-biodiesel blends, Makareviciene et al. [124] reported that the 

addition of n-butanol to biodiesel resulted in a gradual decrease in the cloud point and the cold filter 

plugging point. Bouaid et al. [129] justified that n-butanol improves more significantly the cold-

flow properties of diesel and biodiesel fuels than ethanol as a consequence of its less polar 

character.  

• Higher cetane number. Among the properties affecting the combustion process, cetane number is a 

limiting one. In general, alcohols exhibit low cetane numbers, and therefore, only limited 

concentrations of these alcohols in the blends are recommended for using in unmodified diesel 
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engines because cetane number affects significantly the engine efficiency [91]. In fact, based on 

cetane number, literature reports that only butanol-diesel blends with n-butanol content up to 40% 

(volume basis) can be used in diesel engines without any engine alteration [97]. Higher butanol 

content in the blend leads to excessively high ignition delay. The large premixed phase derived 

from the high ignition delay results in excessive heat release rates and in-cylinder pressure peaks 

[1]. This limitation can be compensated throuth the use of cetane improvers [114]. The higher 

cetane number of n-butanol with respect to ethanol suggest that its maximum concentration in diesel 

blends could be increased with respect to that recommended for ethanol [92][99]. In fact, Liu et al. 

[130] studied the autoignition times of butanol and ethanol with soybean biodiesel and concluded 

that a butanol-biodiesel blend with 20% butanol content (volume basis) shows higher cetane 

number than a ethanol-biodiesel blend with the same alcohol content. 

• Lower enthalpy of vaporization. Since ethanol and butanol have higher enthalpy of vaporization 

than diesel fuel, more heat is needed to evaporate the liquid alcohol, resulting in a smaller increase 

in the gas temperature, which may derive into starting difficulties [99]. Among alcohols, the lower 

enthalpy of vaporization of n-butanol (620 kJ/kg) with respect to ethanol (944 kJ/kg), suggests that 

a diesel engine can start more easily operating with butanol than with ethanol at cold ambient 

conditions [117].  

• Better distribution and storage. As n-butanol has higher flash point and lower volatility than 

ethanol, butanol blends are safer for transportation, fuel handling and storage than those of ethanol 

[98][116]. Since ethanol is more polar [118] and more soluble in water than butanol, butanol shows 

better tolerance to water contamination and, therefore, is more suitable to be distributed through 

existing pipelines. Furthermore, the less corrosive character of n-butanol with respect to ethanol 

also contribute improve the storage for a longer time [2]. 

To conclude, n-butanol can be considered as an interesting option to be blended with diesel fuel, 

since it shows some benefits compared to other light alcohols. However, few deep studies were found 

in the literature about the effect of ethanol and n-butanol blends with diesel and biodiesel fuels in the 

whole range. This information is useful for the design of combustion equipment, to prevent from filter 

clogging problems and to suggest an optimal n-butanol concentration as a blending component for diesel 

engines.  

2.4.2 N-butanol regulations 

N-butanol has been proved to reduce the life-cycle greenhouse emissions based on its biological 

production processes. It can be used not only to replace gasoline in spark-ignition engines but also to 

replace diesel fuels in compression ignition engines. However, one of the most important barriers to 

promote the use of n-butanol as blending component for diesel and gasoline engines is the lack of 

standardization. 

Regarding ethanol, a standard to regulate the quality of the ethanol added to gasoline as blending 

component exists in both, US [131] and European Union [132]. Both standards specify the ethanol 

requirement to be used as a blending component in spark-ignition engines following the requirements 

of ASTM D4814 [133] and EN 228 [134], respectively. The American standard reports that ethanol is 

suitable to be blended with gasoline in levels up to 15% (v/v) ethanol content whereas the European 

standard establishes gasoline–ethanol blends with a maximum ethanol content of 10% (v/v) with 3.7% 

(m/m) as a maximum oxygen content. However, in the latter, gasoline suppliers only include up to 5% 

ethanol content to guarantee the safety of the vehicle fleet because old vehicles are not prepared to use 

gasoline with high ethanol content. In the EN 228 standard [134] is detailed that ethanol, iso-butanol or 

tert-butanol, among other oxygenated compounds, can be used to reach the 3.7% (m/m) of oxygen 

content, but is not mention the n-butanol. 
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Nowadays an American standard already exists for n-butanol as blending component for gasoline 

fuel (up to 12.5% volume basis butanol content) to be used as an automotive spark-ignition engine fuel 

[135]. However, there is still no European standard promoting the use of butanol. Since the European 

Directive (EU) 2018/2001 [20] promotes the use of advanced biofuels in the transport sector, the 

introduction of n-butanol in the oxygenated list of EN 228 [134] and EN 590 [109] would be necessary. 

In the case of diesel engines, the introduction of n-butanol as blending component for diesel fuels (EN 

590) represents a future scenario. Any initiative to promote the use of n-butanol in diesel fuels would 

require to initiate the standardization process in the European Standardization Committee with the aim 

to approve a standard similar to ASTM D7862 [135]. The most restrictive properties that prevent the 

current use of butanol diesel blends without any modification in the current regulations are the cetane 

number and the flash point. Any attempt to commercialize butanol-diesel blends would require a 

relaxation of EN 590 standard in relation to the properties previously mentioned or the use of some 

technological devices such as cetane number improvers or flame arresters in tanks to avoid the 

autoignition of the proposed blends.  

2.5 N-butanol use in diesel engines and vehicles 

2.5.1 Previous works on n-butanol use in diesel engines and vehicles 

This section reviews the use of n-butanol as a blending component in diesel engines and vehicles 

and reports its effects on combustion, performance and gaseous and particle emissions. 

Fossil fuels are being replaced by renewable fuels in order to reduce both the environmental impact 

and the dependence from conventional fuels in internal combustion engines. Among advanced biofuels, 

oxygenated fuels, such as short-chain alcohols, have proved to reduce PM emissions [87][136]. This 

reduction and the better soot reactivity when oxygenated fuels are used [137] cause a decrease in the 

DPF regeneration frequency, and therefore, lower oil dilution [138], lower fuel consumption and longer 

aftertreatment life time [139] can be achieved. 

Most of the butanol-diesel emission results found in the literature were tested under steady 

conditions [122][140][141][142] and only few of them were measured along driving cycles [136][143]. 

In most of the studies, butanol-diesel blends were tested under warm ambient conditions and in a Euro 

5 (or inferior) engine test bench. In general, authors observed a sharp decrease in PM emissions (due to 

the role played by the oxygen content to inhibit soot formation and to enhance soot oxidation) [136][144] 

and an increase in total hydrocarbons (THC) emissions when n-butanol is used [143][145][146]. 

However, there is no consensus regarding CO and NOX emissions. In the study by Choi et al. [147] CO 

emissions increased with respect to diesel fuel whereas in the study presented by Chen et al. [148] the 

opposite was reported. NOX emissions remained constant in the tests carried out by Kozak [136] and 

Siwale et al. [149], whereas in other studies slight increases [143] and decreases [150] were observed. 

Rakopoulos et al. reported that these blends are to reduce simultaneously both, particle and NOx 

emissions [141][151]. Most of studies observed an increase of fuel consumption for butanol blends 

associated with its lower heating value [148][152].  

Regarding the cold startability of butanol-diesel blends, Miers et al. [145] studied butanol-diesel 

blends with 20% and 40% butanol content (volume basis) in a light-duty vehicle under transient 

conditions at warm ambient temperature concluding that Bu20D could be succefully used in a diesel 

engine calibrated for 100% diesel fuel. However, the vehicle driveability decreases noticeably when 

Bu40D is introduced and an ECU recalibration would be needed for a satisfactory engine operation. In 

fact, the vehicle reported increasing roughness during both, steady conditions and acceleration events. 
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Regarding transient studies, Armas et al. [143] and Kozak [136] analysed the effect of n-butanol 

addition on the performance and emissions from different Euro 4 diesel engines following the NEDC 

cycle. Similarly to stationary tests, these studies concluded that THC emissions increase with increasing 

butanol content, particulate matter sharply decreases, while there was no consensus about CO and NOX 

gaseous emissions. Few studies have been found about the use of n-butanol-diesel blends under NEDC 

in a chassis dyno [136], but none was at cold ambient temperature. Therefore, a deep study on 

performance and emissions of butanol-diesel blends in a chassis dyno under transient conditions (NEDC 

or WLTC) at warm and cold ambient temperatures is needed to initiate n-butanol standardization. 

Table 2.7 shows a detailed summary of the different studies found in the literature focused on the 

performance and emissions of butanol-diesel blends in diesel engines and vehicles under stationary or 

transient conditions. Since in most of the studies reviewed the engine are water-cooled, only when the 

cooling system is different from water, it is specified. 

Since the European Directive (EU) 2018/2001 [20] promotes the use of advanced biofuels in the 

transport sector, butanol also is considered a promising alternative to be blended with biodiesel in diesel 

engines in a future scenario. Jeevahan et al. [117] studied butanol-biodiesel blends with 10, 20, 30, 40 

and 50 % of butanol content (volume basis) under four different engine loads concluding that the 

addition of butanol reduces specific fuel consumption, CO, THC and NOX gaseous emissions. Yilmaz 

et al. [153] also estudied butanol-biodiesel blends at 5,10 and 20 % (volume basis) under different load 

conditions reporting that n-butanol increases CO and THC and reduce NOX emissions. 

This thesis also reviews other studies published using modern engines and aftertreatment systems 

simulating different driving cycles under several ambient temperatures. Ko et al. [154] studied the 

performance and NOX emissions of a Euro 6 passenger car equipped with Lean NOX Trap. The vehicle 

was tested under NEDC and WLTC cycles fueled with diesel fuel under warm and cold ambient 

temperatures (23 ºC, 14 ºC and -5ºC). This study concluded that CO and THC increases at cold ambient 

temperature as a consequence of incomplete combustion. NOX emissions also increased considerably at 

low ambient temperature. Authors reported that CO2 emissions were lower under WLTC than under 

NEDC. Since WLTC include more high speed regions, it generally leads to a better fuel economy. Luján 

et al. [155] studied the DOC performance testing diesel fuel in a four cylinder, 1.6 liter, turbocharged 

HSDI engine with HP-EGR and LP-EGR cooled with DOC and DPF under the WLTC cycle at 20ºC 

and -7ºC, concluding better DOC conversion efficiency at warm ambient temperature. 
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Table 2.7. Summary of butanol-diesel blends tested in diesel engines 

Research 

group 

Publication 

year 

Experimental 

instalation 
Engine 

Butanol 

(%v/v) 

Engine operating 

conditions 
CO  THC  NOX  Particles  

Fuel 

consumption 

(%) 

Reference 

Miers et al.  2008 Chassis 

dynamometer 

Mercedes Benz C220 diesel 

passenger car, four-cyclinder, 

common rail, direct injection 

diesel engine equipped with 

single turbocharger with 

intercooler 

20,40 Transient cycle. 

Cold start UDDS 

(transient) 

↑↑ ↑↑ ↑ ↓↓ ↑ [145] 

Rakopoulos 

et al.  

2010 Test bench Mercedes-Benz OM 366 LA, 

six- cylinder, four-stroke, 

turbocharger and air-to-air 

aftercooler, direct injection 

25 Accelerations - - ↑  ↓↓ - [144] 

Rakopoulos 

et al. 

2010 Test bench Single-cylinder, four-stroke, 

compression-ignition, direct 

injection, naturally aspirated 

8,16,24 Stationary 

conditions. Three 

loads 

↓ ↑ ↓ ↓↓ - [141] 

Yao et al. 2010 Test bench Six-cylinder, 4 valves, 

turbocharged intercooled, 

heavy duty direct injection, 

common rail system 

5,10,15 Stationary 

conditions. 

Different 

injection 

strategies 

↓↓ - ⁓ ↓↓ ⁓ [100] 

Rakopoulos 

et al. 

2010 Test bench Mercedes-Benz OM 366 LA, 

six- cylinder, four-stroke, 

turbocharger and air-to-air 

aftercooler, direct injection 

8,16 Stationary 

conditions. 

Different engine 

loads 

⁓ ↑ ↓ ↓↓ ↑ [151] 

Rakopoulos 

et al. 

2011 Test bench Mercedes-Benz OM 366 LA, 

six-cylinder, four-stroke, 

turbocharger and air-to-air 

aftercooler, direct injection 

8,16 Stationary 

conditions. Three 

loads. 

- - ↓ ↓↓ ↑ [122] 
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Table 2.7. Summary of butanol-diesel blends tested in diesel engines (cont.) 

Research 

group 

Publication 

year 

Experimental 

instalation 
Engine 

Butanol 

(%v/v) 

Engine operating 

conditions 
CO  THC  NOX  Particles  

Fuel 

consumption 

(%) 

Reference 

Dogan 2011 Test bench Single-cyclinder, four-stroke, 

direct injection, naturally 

aspirated, air-cooled. 

5,10,15,20 Stationary 

conditions. 

Different engine 

loads 

↓ ↑ ↓ ↓↓ ↑ [152] 

Siwale et al. 2013 Test bench Volkswagen 1.9 L four-

cylinder, turbo-direct 

injection 

5,10,20 Stationary 

conditions. 

Different loads. 

↓ ↑ ⁓ ↓↓ - [149] 

Chen et al. 2013 Test bench Four-cylinder, 16 valves, 

turbocharger inter-cooled, 

common rail injection system 

20,30,40 Stationary 

conditions. 

Different engine 

loads 

↓  ↑ ↑ ↓↓ ↑ [148] 

Iannuzzi et 

al. 

2014 Test bench Four-cylinders, 4 valve per 

cylinder equipped with a 

common rail injection system, 

direct injection, turbocharger  

20 Stationary 

conditions. 

Different 

injection 

strategies. 

- ↓ - ↓↓ - [140] 

Chen et al. 2014 Test bench Single-cylinder, heavy duty, 

four stroke, common rail 

injection 

40 Stationary 

conditions. EGR 

study. 

↑ ↑ ↑ ↓↓ - [156] 

Choi et al. 2014 Test bench Hyundai D4CB, four-

cylinder, turbocharger and 

intercooler, common rail 

injection system 

10,20 European 

Stationary Cycle 

↑ ↑ ↑ ↓↓ - [147] 

Rakopoulos 

et al.  

2015 Test bench Mercedes-Benz OM 366 LA, 

six-cylinder, four-stroke, 

turbocharger and air-to-air 

aftercooler, direct injection 

8,16 Accelerations - - ↓ ↓ - [87] 
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Table 2.7. Summary of butanol-diesel blends tested in diesel engines (cont.) 

Research 

group 

Publication 

year 

Experimental 

instalation 
Engine 

Butanol 

(%v/v) 

Engine operating 

conditions 
CO  THC  NOX  Particles  

Fuel 

consumption 

(%) 

Reference 

Kumar et 

al. 

2015 Test bench One-cylinder, four-stroke, 

naturally aspirated, air 

cooled, direct injection 

10,20,30 Stationary 

conditions. 

Different engine 

loads. 

↓ ↑ ↓ ↓ ↑ [146] 

Choi et 

al. 

2015 Test bench Hyundai D4CB, four-

cylinder, turbocharger and 

intercooler, common rail 

injection system. 

5,10,20 European 

Stationary Cycle 

↑ ↑ ↑ ↓↓  [157] 

Nabi et 

al. 

2017 Test bench Six-cylinder, high pressure 

common rail, turbocharged  

2,4,6 13-Mode 

European 

Stationary Cycle  

- ↓↓ ↓ ↓↓ ↑ [142] 

Atmanli 

et al. 

2018 Test bench Four-cylinder, direct 

injection, naturally 

aspirated, air cooled. 

5,25,35 Stationary 

conditions. 

Different engine 

loads. 

↑ ↑ ↓ - ↑ [150] 

Huang et 

al. 

2019 Test bench Four-cylinder, 16 valves, 

turbocharger, common-rail 

injection system 

20 Stationary 

conditions. Study 

of EGR effect 

↑ ↑ ↑ ↓↓ ↑ [158] 

Kozak  2011 Chassis 

dynamometer 

Passenger car, four-cylinder, 

direct injection, common rail 

turbocharged intercooled 

10 NEDC ↑ ↑ ⁓ ↓↓  ⁓ [136] 

Armas et 

al.  

2014 Test bench Nissan 2.0 M1D, four-

cyclinder, four-stroke, 

turbocharged, intercooled 

with common rail 

16 NEDC ↓↓ ↑ ↑ ↓↓ ⁓ [143] 

↑↑: Sharp increase        ↓: Slightly decrease 

↑: Slightly increase        ↓↓:Sharp decrease 

⁓: Remain constant        -: No consideration
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From the literature, the following conclusions were obtained regarding the introduction of butanol 

as blending component for diesel fuel in diesel engines in terms of gaseous (CO, THC and NOX) and 

particle emissions. 

• CO and THC emissions are highly influenced by ambient temperature, load, turbocharging and 

fueling system. Chen et al. [148] reported that CO emissions increases at low load and they are 

reduced at high load. 

Although there are no consensus regarding CO emissions, most of the authors justified the increases 

in CO and THC emissions for butanol blends with respect to diesel fuel because of the high enthalpy 

of vaporization of n-butanol [156]. The fuel evaporation contributes to reduce the in-cylinder 

temperature, especially during cold start.  

Miers et al. [145] reported that n-butanol enhances the Diesel Oxidation Catalyst (DOC) activity. 

This study concluded that, despite the exhaust gas temperature upstream of the DOC was lower for 

butanol-diesel blends than for reference diesel fuel, the trend downstream of the DOC was reversed 

due to the oxidation activity inside the catalyst. These results are very promising for the DPF and 

the LNT which need high temperature for their regeneration. 

• Nitrogen oxides emissions strongly depend on temperature, local oxygen concentration and 

combustion duration [99]. Among the different strategies to reduce NO formation, delaying the fuel 

injection timing (thus affecting engine efficiency) and recirculating the exhaust gas are the most 

commonly used. In the latter, the introduction of cooled exhaust gas into the combustion chamber 

results in dilution of the air-charge by replacing O2 with the non-reacting CO2 and H2O. Therefore, 

the in-cylinder local combustion temperatures are reduced, thus inhibiting the NO formation. 

Regading NOX emissions from butanol-diesel blends, literature reports no clear trend because there 

is a compensation between several factors when the engine is tested at warm ambient conditions. 

Among the factors that contribute to reduce NOX emissions [99]: 

- The higher enthalpy of vaporization of butanol with respect to diesel fuel, which means that a 

lower amount of heat is available to increase the gas temperature [143]. 

- The low adiabatic flame temperature of n-butanol derived from its lower C/H ratio [159]. 

On the other hand, an engine calibrated for diesel fuel operating with butanol-diesel blends requires 

higher fueling to achieve the demanded power. Since acceleration position is one of the inputs of 

the engine calibration maps, an increase in the air mass flow set-point is experienced leading to a 

lower EGR rate, and thus increasing the NO formation: 

• The oxygenated character of n-butanol contribute to significant benefits in particulate matter 

emissions: 

- Butanol molecule contributes to increase the oxygen concentration in the butanol-diesel blend 

enhancing the soot oxidation process. [87] The higher reactivity of n-butanol blends with respect 

to diesel fuel contributes to improve the soot oxidation process [137].  

- Since the soot formation mainly takes place in the fuel-rich zone at high temperature and 

pressure conditions, the oxygenated character of n-butanol leads to a local reduction in fuel-rich 

regions and thus limiting soot formation [99]. In fact, the hydroxyl group of the butanol 

molecule contributes to reduce soot formation and consequently particulate emissions, even 

more than other functional groups with similar oxygen content [87]. Molecules with oxygen 

atoms single-bonded to a carbon atom (such as alcohols and ethers) are more effective at 

reducing PM emissions than those having double-bonds (such as alkyl esters) because the 

oxygen in the alcohol or ether is more effective at suppressing soot than the oxygen in the ester 

for equivalent oxygen content [160]. This was confirmed by Barrientos et al. group contribution 

method [161], in agreement with other authors [162]. 
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- The lower air-fuel equivalence ratio of n-butanol with respect to diesel, in other words, less air 

is required to get stoichiometry combustion, thus reducing the presence of rich-fuel regions. 

- Blending diesel fuel with n-butanol reduces the aromatic and sulfur content (the latter has not a 

significant influence because of the low sulfur content in current diesel fuels [109]) in the blend 

leading to a reduction in particulate matter emissions since these compounds are generally 

considered as soot precursors. 

2.5.2 Euro regulations 

At the beginning of the XIX century, the development of the industrial activity led to an increase 

in pollutant emissions. Currently, emissions from internal combustion engines are regulated in most 

developed countries. The first regulations about pollutant emissions from vehicles were reported from 

Japan and California in 1966. These regulations started in Europe two years latter in Germany. 

Thereafter, regulations became extensible to all the actual European Union (1970). 

Council Directive 70/220/EEC of 1970 [163] established only limits for carbon monoxide and total 

hydrocarbons for gasoline engines. These emissions were measured following the urban subcycle of the 

New European Driving Cycle. (NEDC). Regarding diesel engine vehicles, only particles were regulated 

through smoke opacity (Council Directive 72 /306 /EEC of 1972) [164]. Smoke opacity was measured 

in stabilized regimes at full load and under free acceleration. 

Council Directive 83/351/EEC [165] of 1983 unified the driving cycles for diesel and gasoline 

engines and set new limits for THC and NOX emissions. European Directive 91/441/EEC of 1991 [166] 

established the NEDC cycle and started the “Euro” regulations (see Table 2.8). 
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Table 2.8. Directives for light-duty vehicles in Europe 

 Euro 1 Euro 2 Euro 3 Euro 4 Euro 5a Euro 5b Euro 6 

Publication of the directive 1991 1994 1998 1998 2007 2007 2008 

Application of the limits 1992 1996 2000 2005 2009 2011 2014 

Directive /regulation 91/441/EEC 

[166] 

94/12/EC 

[167] 

98/69/EC 

[168] 

98/69/EC 

[168] 

715/2007 

[169] 

715/2007 

[169] 

692/2008 

[170] 

Driving cycle NEDC NEDC NEDC NEDC NEDC NEDC NEDC 

 Limit Limit Limit Limit Limit Limit Limit 

CO (mg/km) 2720 1000 640 500 500 500 500 

THC + NOX (mg/km) 970 700 560 300 230 230 170 

NOX (mg/km) - - 500 250 180 180 80 

Particle mass (mg/km) 140 80 50 25 5 4.5 4.5 

Particle number (#/km) - - - - - 6E+11 6E+11 
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The last changes proposed by the European Comission led to the introduction of the Worldwide 

Harmonized Light Vehicles Test Procedure (WLTP), the integration of the realistic driving conditions 

through the implementation of Real Driving Emissions (RDE) and the minimization of the CO2 

emissions (also promoted by governments). 

Euro 6 regulation (from September 2014) considered the NEDC cycle as the procedure to certificate 

passenger cars and limited NOX tailpipe emissions to 80 mg/km (see Table 2.8) [170]. Since the NEDC 

does not represent a realistic driving profile, from September 2017 the cycle procedure was substituted 

by the more stringent WLTP for the new models and engines. This procedure proposes the Worldwide 

Harmonized Light Vehicle Test Cycle (WLTC) for the emission limits established in Euro 6 regulation. 

Despite this new procedure, manufacturers could still use NEDC for one year more. From September 

2018, all new vehicles registered should be approved through the WLTP [171].  

In May 2015, since the laboratory driving tests did not accurately reflect the pollution in real driving 

conditions, the EU Commission's Technical Committee of Motor Vehicles (TCMV) approved the 

introduction of the RDE. In RDE tests, the car is driven under real road driving conditions and emisions 

are monitored by portable emission measurement systems (PEMS). Member states agreed that car 

manufacturers must reduce the divergence between the regulatory limit tested in laboratory conditions 

and the values of the RDE procedure. Therefore, a Conformity Factor (CF) was established for passenger 

cars in two steps [172]: 

• In a first step, car manufacturers will reduce the discrepancy to a NOX conformity factor of 

maximum 2.1 for new models from September 2017, establishing 168 mg/km as NOX limit. This 

limit will apply to all new cars in September 2019.  

• In a second step, this discrepancy will be minimized to a NOX conformity factor of 1.5 (1 with a 

maximum margin of 0.5 for measurement error) by January 2020/21 for all new vehicles, 

establishing 120 mg/km as NOX limit. The margin of 0.5 will be reviewed. A conformity factor for 

Particle Number (PN) of 1.5 (1 with 0.5 error margin to be reviewed) was also introduced. 

From January 2020, all new vehicles should fulfil the WLTP and RDE standards. Those vehicles 

previously certified could be sold for one additional year, but thereafter, all sold vehicles should fulfil 

WLTP and RDE standard.  

Figure 2.13 show a summary of the main changes in the procedure proposed from 2012 onwards 

for the new models of the manufacturers. 

 
Figure 2.13. Euro 5/6 requirements for new manufacturing models 
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Regarding CO2 reductions, Regulation (EC) No 443/2009 proposed a reduction for new passenger 

cars to reach 130 gCO2/km in 2015 with additional reduction to 120g CO2/km by other engine 

technologies [173]. CO2 emissions are still measured through the NEDC cycle. This objective was 

introduced gradually for new vehicles registered: 65% in 2012, 75% in 2013, 80% in 2014 and 100% 

from 2015 to 2019. 

The new Regulation (EU) No 333/2014 establishes a CO2 target for 2020/21 for new passenger 

cars of 95 gCO2/km following the NEDC cycle. This requirement will also be introduced gradually. The 

95% of new vehicles should fulfil the limit of 95 gCO2/km for 2020 and all new vehicles should fulfil 

this limit in 2021 [174].  

Recently, Regulation 2019/631 [175] sets an EU fleet-wide target of 95 gCO2/km for the average 

emissions of new passenger cars from 2020 under NEDC and from 2021 under WLTC. A reduction of 

CO2 for new passenger cars of 15% in 2025 and 37.5% in 2030 is proposed with respect to 2021 levels. 

2.5.3 Driving cycles 

In this section, the certification driving cycles are described and compared between them. 

NEDC cycle is the certification driving cycle used from September 2014 to evaluate the fuel 

consumption and emissions from light-duty vehicles. NEDC includes four repeated urban driving 

subcycles and an extraurban driving subcycle, without interruption.  

WLTP represents better everyday driving profiles. It consists of four parts with different average 

speeds: low, medium, high and extra-high. Each part contains a variety of driving phases, stops, 

acceleration and braking phases.  

Table 2.9 summarizes the main differences between both driving cycles. 

Table 2.9. NEDC and WLTP characteristics 

Characteristics NEDC WLTP 

Test cycle Single test cycle Dynamic cycle more 

representative of real driving 

Start temperature Cold Cold 

Cycle time 20 min 30 min 

Driving phases 2 phases, 66% urban and 34% 

non-urban driving 

4 more dynamic phases, 52% 

urban and 48% non-urban 

Stationary time proportion 25 % 13 % 

Cycle length 11 km 23.25 km 

Average speed  34 km/h 46.5 km/h 

Maximum speed 120 km/h 131 km/h 

Influence of optional equipment  Impact on CO2 and fuel 

performance not considered 

Additional features (which can 

differ between cars) are taken 

into account for weight and 

aerodynamics 

Gear shifts Vehicle have fixed gear shift 

points 

Different gear shift points for 

each vehicle 

Test temperature Measurements at 20-30ºC Measurements at 23ºC. An 

additional test is proposed to 

measure CO2 at 14ºC. 

 



                                                                                          Chapter 2. Butanol as fuel: production and use 

45 

Figure 2.14 shows a schematic diagram of both driving cycles. WLTC cycle covers a wide speed 

and load range. 

 
Figure 2.14 Schematic representation of NEDC and WLTC 

2.6 Summary 

This section summarizes the main conclusions derived from the review of the butanol production 

methods and its application in commercial engines and vehicles as a blending component for diesel fuels 

under stationary or under transient conditions. 

N-butanol can be produced through biological or chemical routes. Among the biological routes, 

ABE fermentation, in which sugar, glycerol, or lignocellulose feedstocks are fermented by 

microorganisms to produce acetone, ethanol and n-butanol, is the most widely used. However, this route 

has some limitations in solvent toxicity, bacteriophage infection, strain degeneration, butanol recovery 

and excessively high feedstock costs. To achieve a better economic competitiveness of ABE 

fermentation, research efforts are focused on the high cost of substrates, the low butanol concentration 

in the fermentation broth and the excessive cost from downstream processing. Other biological pathways 

for n-butanol production are IBE fermentation and syngas fermentation. Among the chemical options, 

n-butanol can be produced from oxo synthesis, Reppe synthesis or crotonaldehyde hydrogenation.  

Although the alcohol most commonly used as a fuel component in the transport sector is ethanol, 

the higher cetane number of n-butanol, together with its higher heating value, better viscosity, better 

lubricity, better cold-flow properties and better miscibility with diesel, especially at low temperature, 

suggest that n-butanol is a better renewable component than ethanol in diesel blends. Furthermore, since 

n-butanol has higher flash point and lower volatility than ethanol, butanol blends are safer for 

transportation, fuel handling and storage than those of ethanol. Despite n-butanol can be considered as 

an interesting option to be blended with diesel fuel, few deep studies were found in the literature about 

the effect of n-butanol blends with diesel and biodiesel fuels in the whole range. 

Regarding the use of n-butanol as a blending component in diesel engines and vehicles, in most of 

the studies found in the literature, tests were made under steady conditions and only in few of them tests 

were made along driving cycles. In most of these studies, butanol-diesel blends were tested under warm 

ambient conditions and in a Euro 5 (or inferior) engine. In general, authors concluded that the presence 

of n-butanol contributes to a sharp decrease in PM emissions and to an increase in THC emissions. 

However, there was no consensus regarding CO and NOX emissions. Most of the studies observed an 

increase in fuel consumption for butanol blends. Literature also reviews startability problems for blends 

with high butanol content derived from its very low cetane number. From the literature, a deep study on 

performance and emissions of butanol-diesel blends in a engine test bench and in a chassis dyno under 
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transient conditions (NEDC or WLTC) at warm and cold ambient temperatures, is needed to promote 

the use of n-butanol in diesel engines. 
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3 EXPERIMENTAL SET UP AND PROCEDURE 

3.1 Introduction 

In this chapter, the experimental installation and the equipment used for this study are described, 

including the technical specifications of the equipment, the general scheme of the experimental 

installation and the software used.  

The equipment used for the characterization of the different blends and for engine and vehicle tests 

are described. This equipment belongs to the University of Castilla-La Mancha and it is located in the 

laboratories of the Fuels and Engines Group (GCM). 

3.2 Equipment for the characterization of blends 

3.2.1 Density 

Density is an important fuel parameter since the injection system and the fuel pump are calibrated 

to inject a specific amount of fuel. In fact, a specific injected volume leads to different injected mass 

depending on the fuel density.  

The density of crude petroleum and related products was determined following the EN ISO 3675 

standard [1]. Each blend was tested twice. If the difference between both measurements was lower than 

0.2%, the arithmetic average was taken as the final result. Otherwise, blends were tested again.  

Density was measured using densimeters, which indicates the density value (in g/mm3) from its 

flotation level in the corresponding liquid. In the International System, density values are expressed in 

kg/m3. EN ISO 3675 standard specified to measure the density at 15ºC, therefore, an external thermal 

bath (Tamson TV 2000 purchased from Fisher Scientific) was needed to set the fluid temperature. 

Thermal bath and densimeters are shown in Figure 3.1. 

                 
Figure 3.1. Thermal bath (left) and densimeters (right) 

3.2.2 Viscosity 

Kinematic viscosity of the blends was measured at 40°C following the EN ISO 3104 standard [2]. 

Every experiment was replicated twice, and the standard desviation was ±0.008 cSt. Cannon-Fenske 
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viscosimeters (Figure 3.2 ) were used to measure the kinematic viscosity of blends. Fuel temperature 

was set using a thermal bath Tamson TV 2000 purchased from Fisher Scientific. 

 
Figure 3.2. Cannon-Fenske viscosimeters 

3.2.3 Lubricity 

Lubricity tests were carried out in a High Frequency Reciprocating Rig (HFRR) by PCS 

Instruments as shown in Figure 3.3. Blends were tested following the European standard EN ISO 12156-

1 [3]. Each blend was tested twice, and an additional test was done if the wear scar difference between 

the two first tests was higher than 20 µm. 

 
Figure 3.3. High Frequency Reciprocating Rig (HFRR) 

Before testing, all HFRR elements were subjected to a cleaning procedure composed of three 10 

min immersions in an ultrasonic bath, the first and the second with toluene and the third with acetone.  

During tests, with a duration of 75 minutes, samples were shaken at a frequency of 50 Hz 

establishing 60ºC as the fuel temperature. Thereafter, the size of the wear scar was measured using the 

electronic microscope Leica DM IRM equipped with a 100 magnification lent. Following the procedure, 

the mean diameter of the scar observed in the HFRR ball (MWSD) was calculated by averaging the 

maximum and minimum diameters. Although following the current lubricity standard a narrow range of 
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humidity and temperature is required, when the lubricity tests for this study were done, the previous 

version of the standard prevailed. Therefore, the wear scar diameter (WSD), in micrometers, was 

calculated following the Equation 3.1: 

𝑊𝑆𝐷 = 𝑀𝑊𝑆𝐷 + 𝐻𝐶𝐹 ∙ (1.4 −  𝑝𝑣̅̅ ̅) 

Equation 3.1. 

where: 

MWSD: Mean wear scar diameter without vapour pressure correction  

HCF = 60 µm/kPa. Humidity correction factor 

𝑝𝑣̅̅ ̅: Mean vapour pressure (kPa) 

3.2.4 Blend stability 

Blend stability was measured by means of an optical equipment (Turbiscan). This device (shown 

in Figure 3.4) is specifically designed for the characterization of liquid emulsion suspensions and 

solutions. It has an infrared light source of 850 nm wavelength and two detectors operating 

simultaneously (transmission and backscattering). The transmission detector is situated in the 

prolongation of the light beam (0°) and records the percentage of light intensity which is not absorbed 

or scattered. The backscattering detector is oriented 135° with respect to the trajectory of the light beam 

and receives the percentage of light intensity scattered in this direction [4]. Tests were made at different 

temperatures minimizing the exposure time to the ambient. 

 
Figure 3.4. Turbiscan 

3.2.5 Cold Filter Plugging Point 

Cold filter plugging point (CFPP) of different blends was measured according to European standard 

EN 116 [5]. The device used was PAC-FPP 5Gs by ISL, as shown in Figure 3.5.  

Cold filter plugging point is the highest temperature at which a given volume of fuel fails to pass 

through a standardized filtration device in a specified time whereas the fuel is cooled under standardized 

conditions. The sample is cooling down into a pipette and the fuel pass through a standardized wire 

mesh filter each 1ºC. The procedure is repeated until the amount of wax crystals is enough to stop the 

flow and avoid returning completely to the test jar in 60 seconds. 
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Figure 3.5. FPP 5Gs equipment 

3.2.6 Cloud Point and Pour Point 

Cloud point (CP) was measured following the European standard EN 23015 [6], whereas pour point 

(PP) was determined according with the International standard ISO 3016 [7] or the American standard 

ASTM D97 [8]. Both were measured through the PAC-CPP 5Gs equipment from ISL (Figure 3.6). 

For petroleum products and biodiesel fuels, cloud point indicates the temperature at which a cloud 

of wax crystals first appears in a liquid when it is cooled under specific conditions. It is important to 

identify the cloud point of a fuel because the presence of solidified waxes clogs fuel filters and injectors 

in the engines. In the equipment, this parameter is detected by optical sensors.  

Pour point is the lowest temperature at which the fuel will pour or flow when it is cooled, without 

stirring, under standard cooling conditions. In fact, pour point represents the lowest temperature at which 

oil is capable of flowing under gravity. When the temperature is less than the pour point of a petroleum 

product, it cannot be stored or transferred through a pipeline. In the equipment, pour point is identified 

by tilting the sample while the detection system precisely monitors the movement of the specimen 

surface. 

 
Figure 3.6. CPP 5Gs equipment 
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3.2.7 Freezing temperature 

Freezing temperature tests were performed on a Differential Scanning Calorimeter (DSC) model 

Q20 purchased to TA Instrument as shown in Figure 3.7. The DSC is a thermoanalytical technique 

which shows the heat release rate as a function of time and temperature. This equipment detects the 

temperature and the heat release when the sample crystallizes. The temperature range varies from 

ambient temperature to -90°C. 

Freezing is an exothermic process is which latent heat is released. Peaks observed over the basal 

heat release curves during the cooling process are associated with a phase change of fuel or blends 

tested.  

 
Figure 3.7. DSC equipment 

3.2.8 Filterability 

The Filter Blocking Tendency (FBT) of middle distillate fuel oils and nonpetroleum liquid fuels 

can be measured following the American standard ASTM D2068 [9] (which considers the fuel 

temperature range 15-25°C as acceptable) with the Multi Filtration Tester equipment from Stanhope-

Seta (Figure 3.8). Before performing the filterability test, the sample was introduced at 4.4°C for 16 

hours in a Thermostatic bath purchased from PolyScience. 

 
Figure 3.8. Multi Filtration Tester equipment 
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Depending on the results, the FBT can be calculated through different equations: 

• Equation 3.2 is used if the pressure increase upstream of the filter reaches 105 kPa before the whole 

sample (300 ml) is filtered.  

𝐹𝐵𝑇 =  √1 +  (
300

𝑉
)

2

 

Equation 3.2. 

Equation 3.2 can also be written as a function of the time needed to reach the pressure increment 

of 105 kPa in the filter (Equation 3.3). The maximum time is 900 seconds. Since time estimated by 

the equipment is not accurate enough, manual measurement of the test duration is recommended. 

𝐹𝐵𝑇 =  √1 +  (
900

𝑡
)

2

 

Equation 3.3. 

• Equation 3.4 is used if the pressure increase upstream of the filter does not reach 105 kPa and the 

whole sample (300 ml) is filtered in 900 seconds.  

𝐹𝐵𝑇 =  √1 +  (
Δ𝑝

105
)

2

 

Equation 3.4. 

where: 

V: volume 

t: time 

∆p: pressure increase 

3.2.9 Cetane number 

Experiments were carried out in a Cetane ID510 equipment by Herzog-PAC (Figure 3.9), which 

is basically a constant-volume combustion chamber, equipped with a common-rail diesel injector 

(operating at 1000 bar injection pressure) and with different temperature and pressure sensors: a dynamic 

pressure sensor to measure the chamber pressure, a static pressure sensor to correct the temperature 

offset of the dynamic sensor, an injection pressure sensor, an inlet air pressure sensor and two 

thermocouples type K for the chamber inner wall and the cooling jacket. Tests were done following the 

ASTM D7668-17 standard [10], and pressure signals were recorded and analysed with a diagnostic 

model described in [11].  
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Figure 3.9. Cetane ID510 

Initial chamber temperature and pressure were modified by modulating the previous 

heating/cooling of the combustion chamber jacket and the inlet air pressure reduction from the air 

bottles. An initial chamber pressure of 21 bar and an initial chamber temperature of 602.5 °C were set 

to measure the derived cetane number (DCN). Tests were done with injection pulse of 2.5 ms. The exact 

volume injected per pulse was calibrated for each pure fuel.  

In all cases, the combustion process occurred in two stages, and therefore, two different ignition 

delays were defined: the first was denoted as IDCF because it was associated to the cool flame stage, and 

the second, IDM, is associated with the main combustion. The procedure to determine these times is 

described in [12]. 

3.2.10 Flash Point 

Flash point temperature was measure using Seta PM-93 (Model 35000-0) Automatic Pensky-

Martens closed cup flash point tester. For the experimental determination, the standard EN ISO 2719 

[13] was followed.  

The flash point of a fuel is the lowest temperature, corrected to a barometric pressure of 101.3 kPa, 

at which the application of an ignition source causes the vapour of the fuel tested to ignite and the flame 

propagate across the surface of the liquid. This temperature was recorded at the absolute barometric 

pressure. After the tests, this temperature was corrected to standard atmospheric pressure using Equation 

3.5. 

𝑇𝐹𝑃𝑐 = 𝑇𝐹𝑃𝑑 + 0.25 ∙ (101.3 − 𝑝) 

Equation 3.5. 

where: 

TFPc: corrected flash point, expressed in degress Celsius 

TFPd: detected flash point, expressed in degrees Celsius 

p: absolute barometric pressure, expressed in kPa 
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Figure 3.10. Flash point equipment 

3.3 Engine test bench 

3.3.1 General installation 

Engine tests from this study were carried out in a K9K diesel engine placed in the engine test bench 

of the Fuels and Engines Group (GCM) of the University of Castilla-La Mancha in Ciudad Real. 

 

Figure 3.11. Experimental installation for engine tests [14] 
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In this installation, the bench absorbs the vibrations derived from the engine operation. The engine 

is connected to a dynamometric brake through a shaft. The installation is also composed of different 

auxiliary systems such as cooling system, fuel supply system and air intake system, among others. Figure 

3.11 shows the general schematic diagram of the engine installation including the different equipment 

used in engine tests. 

3.3.2 K9K diesel engine 

3.3.2.1 General characteristics 

This study was carried out in a Euro 6 Nissan 1.5 dCi engine (model K9K). This engine (shown in 

Figure 3.12) is a four-cylinder, four-stroke, turbocharged intercooled, common-rail direct-injection 

diesel engine, and it is equipped with double exhaust gas recirculation system (EGR), one low-pressure 

cooled EGR (LP-EGR) and another high-pressure non-cooled (HP-EGR). Furthermore, the 

aftertreatment system was equipped with a diesel oxidation catalyst (DOC), a Lean NOX Trap (LNT) 

and a diesel particle filter (DPF) [14].  

 
Figure 3.12. K9K diesel engine 
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The main characteristics of the engine are shown in Table 3.1.  

Table 3.1. Engine characteristics. Based on [15] 

 Engine K9K 646 1.5dCi 

General 

information 

Emissions regulation Euro 6 

 Electronic control unit 

(ECU) 

Continental SID310 

 Lubricant oil 5W30 

 Suspension Pendular 

 Engine position Transverse 

 Weight 145 kg 

Dimensions Length 599 mm 

 Width 624 mm 

 Height 707 mm 

Geometric data Cylinders 4 

 Arrangement of cylinders In line 

 Explosion order 1-3-4-2 

 Displacement (cm3) 1461 

 Bore (mm) 76 

 Stroke (mm) 80.5 

Main 

specifications 

Compression ratio 15.5:1 

 Rated power 81 kW/4000 rpm 

 Rated torque 260 Nm /1750-2500 rpm 

 Idle engine speed 850 rpm (900 rpm under regeneration conditions) 

Injection system Fuel supply High-pressure common-rail and piezoelectric 

injectors 

Gas exchange 

system 

Valve mechanism Single Overhead Camshaft (SOHC) 

 Valves per cylinder 2 

 Turbocharger BorgWarner with variable geometry activated 

through vacuum with solenoid valve 

 Maximum compression 

pressure (absolute) 

2.565 bar 

 Exhaust gas recirculation Low pressure EGR cooled and high pressure 

EGR non-cooled 

 Aftertreatment system DOC + LNT + DPF 
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The maximum power - torque curves for the K9K 646 1.5 dCi engine are shown in Figure 3.13. 

 

Figure 3.13. Power and torque curves for K9K 646 1.5 dCi [16] 

3.3.2.2 Exhaust gas recirculation system 

Only one of the EGR loops, either LP-EGR or HP-EGR, can be activated at the same time. Two 

parameters are used to control the type of EGR loop. These two parameters are the coolant and intake 

air temperatures. HP-EGR is activated at low coolant or low intake air temperatures in order to prevent 

water condensation at the intake pipe, whereas LP-EGR is activated when a minimum coolant 

temperature is reached and the intake air temperature is high enough, as shown in Figure 3.14. When 

the LNT purge is operating, HP-EGR is also activated, regardless of the coolant temperature. The EGR 

mass flowrate is controlled with a single valve for the HP-EGR loop and with two valves in the case of 

the LP-EGR loop. In this latter case, the EGR mass flow is controlled in two steps: for low mass 

flowrates the system opens the low pressure EGR valve (see Figure 3.11) while the back pressure valve 

is fully opened. For high EGR mass flowrates, the system closes partially the back-pressure valve to 

increase the back pressure, keeping the low pressure EGR valve fully opened and consequently 

increasing the EGR mass flowrate [17]. 

 
Figure 3.14. Control strategy for HP-EGR and LP-EGR [17] 

3.3.2.3 Aftertreatment system 

The aftertreatment system of this engine is equipped with a diesel oxidation catalyst (DOC), lean 

NOX trap (LNT) and a regenerative wall-flow-type diesel particle filter (DPF). The latter is placed 

downstream of the DOC and LNT. 
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In this engine, the aftertreatment system is located close to the engine to reduce the heat losses and 

to allow the possibility to recirculate filtered exhaust gas in the low-pressure loop. The reduction in the 

heat losses leads to high temperatures in the DPF and consequently to improve the efficiency of the 

aftertreatment system. As shown Figure 3.11, the LP-EGR loop encloses the aftertreatment system, and 

therefore, LP-EGR is almost free of particles and hydrocarbons avoiding soiling the EGR valves. 

• Diesel oxidation catalyst. Its main objective is to oxidize carbon monoxide (Equation 3.6) and total 

hydrocarbons (Equation 3.7) of the gas exhaust to carbon dioxide (CO2) and water (H2O), and in a 

lesser extend, to oxidise nitrogen monoxide (NO) to nitrogen dioxide (NO2) as shown in Equation 

3.8 [18]. 

CO + 
1

2
O2 → CO2 

Equation 3.6 

Assuming (as it is usual in the emission analysers) that emitted hydrocarbons have the same formula 

as the original fuel: 

C𝑛H𝑚O𝑝 + (𝑛 +
𝑚

4
−

𝑝

2
) O2 → 𝑛CO2 +

𝑚

2
H2O 

Equation 3.7 

NO +
1

2
O2 → NO2 

Equation 3.8 

The DOC efficiency in oxidizing CO, THC and NO depends on the residence time of the exhaust 

gas in the catalyst, the temperature and the level and nature of the exhaust species and 

inhibitions/synergies between the different species contained in the exhaust gas [19]. The DOC is 

placed as close as possible to the turbine output to benefit from the exhaust temperature for its 

thermal conditioning. 

• Lean NOX Trap. It constitutes an interesting NOX control technology for diesel engines. During 

fuel-lean conditions, NOX emisions are accumulated until the adsorption capacity is saturated. Once 

NOX cannot be stored anymore, during a short fuel-rich period, the LNT is regenerated and the 

NOX previously stored are released and reduced to N2 [20].  

₋ Accumulation mode. NOX emissions from a diesel engine are mainly nitric oxide (NO). 

However, NO2 is trapped more efficiently on the adsorption surface. Therefore, under lean 

conditions, NO is oxidized to NO2 (Equation 3.9) in the active sites of a platinum catalyst. 

NO +
1

2
O2 → NO2 

Equation 3.9 

Under lean conditions, the resulting NO2 molecules are adsorbed on an barium surface in the 

form of nitrates, Ba(NO3)2, which are chemically stable. NOX storage reactions are shown in 

Equation 3.10 and Equation 3.11 [21]. 

BaCO3 +  2NO2 +
1

2
O2 → Ba(NO3)2 + CO2 

Equation 3.10 

BaCO3 +  2NO +
3

2
O2 → Ba(NO3)2 + CO2 

Equation 3.11 
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₋ Purge mode. The activation of the purge mode is mainly based on an ECU model that estimates 

the NOX mass trapped in the LNT. Furthermore, other parameters such as the vehicle velocity, 

the ambient temperature and the gear position also contribute to activate the LNT regeneration. 

During regeneration process, stoichiometric or rich equivalence ratios are reached and high 

temperatures and reductant agents such as CO, H2 and HC are generated as a consequence of a 

postinjection. [22]. At high temperatures, nitrates become thermodynamically unstable and they 

break down forming NO. In the regeneration process, the formation of NO2 is negligible [23]. 

NOX release reactions are shown in Equation 3.12 and Equation 3.13. 

Ba(NO3)2 + 3CO → BaCO3 + 2NO + 2CO2 

Equation 3.12 

Ba(NO3)2 + 3H2 +  CO2 → BaCO3 + 2NO + 3H2O 

Equation 3.13 

Under rich conditions, nitrogen oxides are reduced by reductant agents (CO, H2 and HC) to N2, 

CO2 and H2O on a rhodium catalyst [24]. Since CO and H2 are the most effective reducing 

agents, NO reduction reactions with CO and H2 are shown in Equation 3.14 and Equation 3.15. 

₋ NO + CO →
1

2
N2 + CO2 

Equation 3.14 

NO + H2 →
1

2
N2 + H2O 

Equation 3.15 

Since N2 is the desired product, N2O (whose global warming effect is 265 times higher than CO2 

[25]) and NH3 formation during the LNT regeneration should be controlled [23]. 

• Diesel particulate filter. The DPF is placed downstream of the DOC and the LNT as shown in 

Figure 3.11. The DPF regulates the particulate matter emissions from the diesel engine. Three 

operating modes can be distinguished: 

₋ Load mode. In this operating mode, the DPF accumulates most of the particles emitted. The 

DPF is trapping particles until the pressure drop (indicative of the mass of soot accumulated) is 

enough to start the active regeneration process. 

₋ Auto-oxidation mode. The soot is spontaneously oxidised when the exhaust temperature is 

above the break even temperature (temperature at which soot accumulation is compensated by 

soot oxidation in the DPF). This phenomenon is not usual in urban driving conditions but it is 

quite usual in extra-urban conditions [19]. 

₋ Regeneration mode. When the exhaust temperature is close to the oxidation range (between 

500ºC and 600ºC), but does not reach the break even temperature and the soot accumulated is 

high enough, some modifications such as the introduction of post-injections and the elimination 

of the EGR rate are commonly used to increase the gas temperature and the oxygen 

concentration in a short period of time and consequently to oxidise particles previously trapped 

[26]. 

3.3.3 Dynamometric brake 

The engine was coupled, with a rotating shaft, to an asynchronous electric dynamometer (see Figure 

3.15) which simulates the resistive load of the vehicle and controls the engine speed and torque. The 

dynamometric brake is Pegasus Gmbh, Dynas model, LI250 from Schenck. This device is controlled by 
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digital controllers to establish the desired demand. The main characteristics of the dynamometric brake 

are listed in Table 3.2. 

Table 3.2. Dynamometric brake characteristics. Based on [15] 

 Dynamometric brake Dynas LI250 

General information Mark Schenck 

 Model Dynas LI250 

 Protection IP23 

 Weight 580 kg 

 Noise 77 dB 

 Maximum speed 10000 rpm 

Generator mode Nominal power  250 kW 

 Nominal speed  4975 rpm 

 Torque 480 Nm 

Engine mode Nominal power  235 kW 

 Nominal speed  4865 rpm 

 Torque 461 Nm 

The speed is taken from a digital tachometer attached to the rotor. The torque is measured from a 

torque meter cell and a signal conditioner from Gesellschaft für Industrieforschung mbH, GIF. Finally, 

the accelerator position is controlled from the control and power module LRS 2003. This module acts 

over the accelerator sensor, which is connected to the ECU of the engine. 

The dynamometer was provided with a Road Load Simulation (RLS) system from Horiba, with 

capability to simulate in the engine test bench the dynamics of a particular vehicle (transmission, 

gearbox, tires, etc.). In this work, a Nissan Qashqai 1.5 dCi vehicle was simulated. 

   
Figure 3.15. Dynamometric brake 
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3.3.4 Auxiliary systems 

The engine test installation is composed by the following auxiliary systems: 

• Fuel supply system. The fuel is stored in a tank with 60 liters of capacity. From the tank, the fuel 

is pumped to a gravimetric balance through a low pressure fuel pump. The fuel gravimetric system 

AVL 733s, with a capacity of 1 kg approximately, measures the loss of weight with a frequency of 

3 Hz. In this study, the fuel consumption was measured with the raw engine sensors and was 

registered with the INCA PC software because this system is more accurate for transient conditions. 

The fuel consumption measurement was previously calibrated with the fuel gravimetric system 

[14][27]. 

• Air intake system. The air consumption was measured with a hot-wire sensor from the engine 

(directly connected to the ECU) and it was registered with the INCA PC software. 

• Gas extraction system and air renovation from the room. The test room is equipped with a exhaust 

extraction system and a system to renovate air. The exhaust extraction system, absorbs the exhaust 

gas from the test room to the rooftop. The air renovation system consists of two hoods (entrance 

and exit) placed in the test room and connected to the rooftop [28].  

• Cooling and engine lubrication systems. The refrigerant is cooled by a water-water system in which 

the refrigerant is cooled with water in two shell-and-tube thermal exchangers in counter-flow. 

Synthetic oil 5W30 (recommended by the manufacturer) is used for the lubrication system. 

Temperature and pressure oil are controlled to guarantee the proper operation of the engine [15]. 

• Temperature and pressure sensors. Different thermocouples were used to measure temperatures and 

to monitor the thermal status of the engine. In this study, thermocouples type K from TC composed 

by nickel-chromium/nickel-aluminium with a sensitivity of 41 µV/ºC are used because they are 

useful in a wide temperature range (from 0ºC to 1100ºC). Piezorresistive pressure sensors from 

PMA (model P40) are used for engine tests. These sensors are very efficient to measure 

instantaneous and mean pressure due to their high sensitivity and frequency range [15]. 

3.4 Chassis dynamometer 

3.4.1 General installation 

Vechicle tests were carried out in a Euro 6 Nissan Qashqai 1.5 dCi light-duty vehicle placed in the 

chassis dynamometer facilities. 

Figure 3.16 shows a scheme of the experimental installation used in this study. 
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Figure 3.16. Experimental installation for vehicle tests. Based on [29] 

3.4.2 Vehicle 

This study was carried out in a Euro 6 Nissan Qashqai 1.5 dCi light-duty vehicle with 81kW (110 

CV) as shown in Figure 3.17. Nissan Qashqai is the sport utility vehicle best-selling car in the last years 

[30]. Therefore, this vehicle is representative of the current European fleet. 

 
Figure 3.17. Nissan Qashqai vehicle 

The main characteristics of the vehicle is shown in Table 3.3. It is important to mention that the 

ECU of the K9K 646 1.5dCi diesel engine of the Nissan Qashqai vehicle is identical to that used for 
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engine tests in the engine test bench. Furthermore, the same engine calibration of the ECU was used in 

both cases. 

Table 3.3. Vehicle characteristics 

 Property Value 

General information Vehicle  Nissan Qashqai 4x2 Visia 

 Engine K9K 646 1.5dCi 

 Weight (without load) 1470 kg 

 Maximum load in the vehicle 545 kg 

Main specifications Rated power 81 kW 

 Maximum velocity 182 km/h 

 Drive Front-wheel 

Transmision Gearbox configuration Manual 

 Number of gears 6 

 1st gear ratio 3.73:1 

 2nd gear ratio 1.95:1 

 3rd gear ratio 1.23:1 

 4th gear ratio 0.84:1 

 5th gear ratio 0.65:1 

 6th gear ratio 0.56:1 

 Differential ratio 4.13:1 

Dimensions Overall lenght  4377 mm 

 Overall width 1806 mm 

 Overall heigt 1590 mm 

 Wheelbase 2646 mm 

 Track: Front width 1565 mm 

 Track: Rear width 1560 mm 

3.4.3 Chassis dynamometer 

The chassis dynamometer is placed inside a climatic chamber and consists of a single roller (Figure 

3.18) which simulates the rolling and aerodynamic resistances. The equivalent vehicle inertia is also 

electrically simulated. 

 
Figure 3.18. Roller 
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Tests were done with an inertial mass of 1470 kg. Coast down values used to simulate the 

aerodynamic and rolling resistance in the chassis dynamometer through Equation 3.16 are shown in 

Table 3.4. 

𝐹(𝑣) =  𝐴0 + 𝐴1 ∙ 𝑣 + 𝐴2𝑣2 
Equation 3.16. 

Table 3.4. Coast down values 

Parameter Value 

A0 89.6 N 

A1 0.0659 N∙h/km 

A2 0.0391 N∙h2/km2 

The dynamometer coupled to the roller is an electric machine with direct current. The roller is 

divided into two parts to reduce its inertia. The roller speed is determined with a tachometer. The 

tangential velocity in the surface of the roller is obtained with the roller speed and the roller diameter. 

The main characteristics of the chassis dynamometer are summarized in Table 3.5. 

Table 3.5. Roller characteristics [31] 

Characteristic Value 

Nominal diameter 157.48 cm 

Basal inertia 1360 kg 

Range for simulated inertia 500-3500 kg 

Nominal power 168 kW 

Maximum velocity 250 km/h 

Maximum weight in the shaft 4500 kg 

3.4.3.1 Blower 

The blower was located in front of the vehicle and the wind speed produced by the blower 

corresponds to the simulated vehicle velocity according to the procedure established in Regulation 83 

[32]. The objective of the wind simulated by the blower (Figure 3.19) is to cool the engine, the tires and 

the exhaust system. 

The vehicle regulation [32] establishes some requirements for the blower operation during tests. 

The wind speed generated by the blower must be equal to the vehicle speed during the driving cycle 

within an error margin of ±5 km/h for speeds below 50 km/h and ±10 km/h for speeds above 50 km/h. 

The blower management to fit the blower speed to the vehicle speed is detailed in Ramos [31]. 

 
Figure 3.19. Blower 
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The main characteristics of the blower with relative wind are specified in Table 3.6 

Table 3.6. Blower [31] 

 Characteristics Value 

Blower Flow 60000 m3/h 

 Maximum velocity ~160 km/h 

 Max. noise level at 1 m distance 109 dB(A) 

 Dimensions 1965 mm x 1660 mm x 3110 mm aprox. 

 Output dimension 800 mm x 600 mm 

Engine Nominal power 55 kW 

 Voltage 400/690 V 

 Nominal current at 400 V 98 A 

 Power factor cos φ 0.87 

 Velocity 1480 rpm 

 Efficiency 93 % 

3.4.4 Climatic chamber 

The climatic chamber is the system used to maintain targeted environmental conditions during tests. 

The ambient temperature can be regulated from -20°C to 40°C inside the climatic chamber. Although 

NEDC regulation establishes a test range temperature between 20°C and 30°C [32], in this study, for 

both, NEDC and WLTC cycles, the temperature was set at 24°C for warm ambient tests and at -7°C for 

cold ambient tests. More detais about the climatic chamber are described in [33]. The climatic chamber 

and the experimental installation used for vehicle tests are shown in Figure 3.20.  

The relative humidity of the climatic chamber can be controlled between 5% and 90% when the 

chamber temperature would be above 16ºC. Therefore, for vehicle tests at 24ºC, the humidity was 

controlled between the limits established by the regulation. For tests at -7ºC, since the relative humidity 

cannot be controlled below 16ºC, the ambient was dried as much as possible to avoid water condensation 

in the fans.  

 
Figure 3.20. Climatic chamber 

 

 



E.T.S.I. Industriales, UCLM   

78 

3.5 Emission and diagnosis equipment 

3.5.1 Software and hardware for communication 

The INCA PC software and the ETAS ES 591.1 hardware were used for the communication 

between the user and the electronic control unit (ECU) of the engine. The original settings of the 

mapping were not modified. Therefore, operating parameters such as fuel injection strategy, position of 

the EGR valves and boost pressure, among others, were not externally controlled during the tests 

[14][29].  

3.5.2 Gaseous emissions analysis upstream of the aftertreatment system 

For vehicle tests, gaseous emissions were measured upstream of the aftertreatment system with a 

Multicomponent FTIR Gas Analyzer instrument model CR-2000-S from Environnement S.A. as shown 

in Figure 3.21. This equipment uses a Fourier transform infrared (FTIR) spectrometer and a temperature 

controlled sample cell. 

This analyser has ±2% accuracy in the measuring range and operates with an infrared source of SiC 

at 1550K and a liquid N2 cooled MCT (mercury cadmium telluride) detector, with a wavenumber range 

from 600 to 4200 cm-1 and a resolution of 4 cm-1 [34]. 

This equipment measures regulated emissions (CO and NOX). Besides, this instrument is able to 

speciate particular hydrocarbons such as CH4, C2H4, C2H2, CH2O, C2H6, C3H8, C5H12, C6H6, HCOOH, 

HNCO, C4H6, C8H18, C3H6, C5H12, C2H4O2, HCN, C2H4O, C4H10 and C7H8.  Furthermore, this equipment 

measures NO2 and N2O separately from NO. 

 
Figure 3.21. FTIR equipment 

3.5.3 Gaseous emissions analysis downstream of the aftertreatment system 

For both, engine and vehicle tests, regulated gaseous emissions (CO, CO2, THC and NOX) were 

measured at the tailpipe with a gaseous emissions analyser purchased from Environnement (Figure 3.22) 

[14][29]. 

The total hydrocarbon emissions (THC) were measured with a flame ionization detector Graphite 

52M-D, after gas sampling through a heated line, pump and filter (190°C). After being sampled, the gas 
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to be analyzed is led to the burner. The burner is fed with a H2/He mixture and air oxidizer. The 

separation of the hydrocarbon molecules at high temperature in the cone of the flame provides an 

ionizing current, the strength of which is directly proportional to the number of atoms of carbons of the 

analyzed mixture [35]. 

Carbon monoxide and carbon dioxide emissions were measured with a non-dispersive infrared 

(NDIR) detector MIR 2M. In this module, the infrared beam generated, before passing through the 

sample, goes through an optical filter that allows to differentiate between CO and CO2 as the infrared 

spectra of both compounds have very similar vibration frequencies [36]. 

NOX emissions were measured using a chemiluminescence Topaze 3000 analyzer. NOX 

concentration is measured through a chemical reduction in which the NO2 is reduced to NO in a catalytic 

converter resulting in two different signals: one provides information of the NO concentration and the 

other one provides information of the joint concentration of NO and NO2, i.e., NOX [37]. 

All these emission analyzers, with an accuracy of 1%, are integrated in a modular system purchased 

from Environnement, which also includes the electro-valves and software necessary to commute 

between sample gas, zero gas and calibration gases [38]. 

 

Figure 3.22. Regulated emissions analyser 

3.5.4 Measurement of particle size distributions 

For both, engine and vehicle tests, particle emissions were measured with the Engine Exhaust 

Particle Sizer (EEPS) spectrometer. This measurement was made upstream of the DPF for three main  

reasons [14][29]: i) the main interest lies on the effect of butanol on the engine emissions independently 

of the aftertreatment system, ii) particle downstream emission results are not significant due to the high 

efficiency of particulate traps, and iii) the information of upstream particle emissions is relevant because 

they have direct implications on the DPF regeneration frequency and thus on fuel consumption, driver 

annoyance, trap life-cycle and fuel-in-oil dilution [39][40]. 

Particle size concentrations were determined with an EEPS spectrometer model 3090 from TSI 

(Figure 3.23). As the EEPS instrument needs special temperature and dilution conditions of the inlet 

gas, the sample gas was firstly diluted with a rotating disk diluter (RD) model MD19-2E using dilution 

air supplied by a thermal conditioner (TC) model ASET15-1. The RD temperature was set at 150ºC to 
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avoid hydrocarbon condensations. The diluted exhaust gas is introduced in the evaporating tube of the 

ASET15-1 where the temperature is increased to 300°C. After that, the aerosol flows into a mixing 

chamber for the second dilution in order to cool down the aerosol temperature and to reduce the 

thermophoretic losses. Dilution factors and thermophoretic and diffusion losses were taken from the 

calibration certificates provided by Matter Engineering AG. Primary dilution factor at RD was 64.73:1 

and secondary dilution factor at the thermal conditioner was 6.18:1, leading to a total dilution factor of 

400:1 [14][29]. 

 
Figure 3.23. EEPS equipment 

3.5.5 Combustion diagnosis 

Online thermodynamic combustion diagnosis was applied by means of a Kistler Kibox instrument. 

This system uses the measurement of the chamber pressure as experimental data and solves the 

conservation equations resulting in characteristic parameters of the combustion process. The Kibox 

system is adapted to work joinly with the INCA PC system. Figure 3.24 shows a scheme of the kibox 

system. 

 
Figure 3.24. Kibox scheme. Based on [41] 

This system uses a piezoelectric transducer model 6056AU20 purchased from Kistler to measure 

the in-cylinder pressure. The piezoelectric sensor is located inside one of the cylinders. The in-cylinder 



 Chapter 3. Experimental set up and procedure 

81 

pressure signal is affected by several uncertainties such as sensor calibration, sensor location in the 

cylinder, thermal effect over the sensor and signal filtration, among others. 

The signal of the crackshaft rotation angle is used to reference the measurement of the in-cylinder 

pressure. This reference is useful to the adequate resolution of the conservation equations for the 

combustion diagnosis. Kibox also allows using the signal of the engine tachometer, which is described 

in Ramos [31]. 

The injection timing was measured with an amperimetric clamp to detect the energization times of 

one of the injectors through the magnetic field variation around the wire which transports the current 

needed to manage the injector. The amperimetric clamp used for this study is model 2105A30 from 

Kistler [41]. 

From signals mentioned above, different thermodynamic parameters related to the injection and 

combustion processes were determined, such as indicated mean effective pressure, start of energizing, 

ignition delay, start of combustion (defined as the angle at which 5% of the heat release is achieved), 

apparent heat release (without considering heat losses to the cylinder walls) and the end of combustion 

(defined as the angle at which the 90% of the heat release is achieved), among others [27]. 
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4 TEST PLAN, METHODOLOGY AND FUELS 

4.1 Introduction 

In this section, the test plan, the methodology and the fuels used are described. The experimental 

part of this doctoral thesis is divided in the characterization of blends (chapter 5), engine tests (chapter 

6) and vehicle tests (chapter 7). 

In this chapter, the test matrix for the characterization of the blends together with the procedure 

followed for engine and vehicle tests (both under transient conditions) are specified. Some information 

regarding the data processing in terms of fuel consumption, thermodynamic combustion diagnosis and 

comparison between gaseous emission analysers, among others, is given. Finally, the main properties 

of ethanol, n-butanol, diesel and biodiesel used initially for the selection of blends, as well as of the 

blends finally selected for engine and vehicle tests, are described. 

4.2 Test plan 

4.2.1 Motivation 

This thesis studies the effect of blending butanol with diesel fuels trying to identify the maximum 

butanol concentration as blending component attending to the requirements of the European standard 

EN 590 [1]. Once the most interesting blends were selected, engine and vehicle tests were made trying 

to evaluate emissions and engine performance with respect to those obtained with fossil diesel fuel as 

shown in Figure 4.1. 

First of all, butanol and ethanol blends with diesel and biodiesel fuels (the latter ones considered as 

reference fuels) were studied in the whole alcohol range. Since the European Directive (EU) 2018/2001 

[2] promotes the use of advanced biofuels in the transport sector, the most promising blends for a future 

scenario in which higher renewable contents in diesel fuel will be required (beyond 2020) were selected 

for engine and vehicle tests. Blends selected were those butanol-diesel blends with 10% and 20% butanol 

content (volume basis). 

Since most of the butanol-diesel emission results found in the literature (see Chapter 2) were tested 

under steady conditions in a Euro 5 (or inferior) engine test bench at warm ambient temperature, blends 

selected in the characterization study were tested in a Nissan Qashqai 1.5 dCi diesel engine and in a 

Euro 6 Nissan Qashqai 1.5 dCi light-duty vehicle under transient conditions.  

Regarding engine tests, the selected butanol-diesel blends were tested under the NEDC 

programmed in the Road Load Simulation (RLS) system at warm ambient temperature in an engine tests 

bench to evaluate the effect of butanol on the engine performance and emissions. With the objective of 

finding the minimum particle emissions, additional n-butanol contents were tested between 10% and 

20% (such as 13% and 16%), both volume basis. 

Results obtained from engine tests were confirmed in the chassis dynamometer since identical 

engine model and the same ECU calibration were used for engine tests and for vehicle tests. Selected 

butanol-diesel blends were tested in the Nissan Qashqai vehicle following the NEDC cycle at warm and 

cold ambient conditions to evaluate possible cold start problems. Apart from the initial selected blends 

(Bu10D and Bu20D), the same additional butanol-diesel blends (Bu13D and Bu16D) were tested trying 

to find the maximum butanol content that could replace winter diesel fuel at cold conditions. Finally, 

the most promising blend, among the selected blends, in terms of engine performance, emissions and 
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startability was tested under more dynamic conditions following the WLTC cycle under warm and cold 

ambient conditions. 

 
Figure 4.1. Motivation of the test plan 

4.2.2 Test matrix for the characterization of blends 

To study the benefits of n-butanol as blending component of diesel fuels with respect to that of 

ethanol, both alcohols were blended with diesel fuel at 2.5%, 5%, 7.5%, 10%, 15%, 20%, 30%, 40%, 

50%, 75%, and with biodiesel fuel at 2.5%, 5%, 10%, 20%, 40% and 75%, all of them volume basis. 

Most of the blends were defined for low alcohol concentration because the low cetane number of pure 

alcohols [3] make unfeasible the use of alcohol blends with high alcohol content for diesel engines. 

Furthermore, no test could be done from 15% to 80% of ethanol (volume basis) due to the weak 

miscibility of the blend in this range [4]. 

Table 4.1 summarizes the general test matrix. However, additional alcohol concentrations were 

tested for a depth study of some properties such as viscosity [5], cold-flow properties [6] and cetane 

number [3]. 
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Table 4.1. Test matrix for the characterization of blends 

Alcohol (%v/v) 0 2.5 5 7.5 10 15 20 30 40 50 75 80 100 

Butanol-diesel x x x x x x x x x x x  x 

Butanol-biodiesel x x x  x  x  x  x  x 

Ethanol-diesel x  x  x x      x x 

Ethanol-biodiesel x x x  x  x  x  x  x 

Density, viscosity, lubricity, blend stability, cold filter plugging point, cloud point, pour point, 

freezing temperature, filterability, cetane number and flash point of blends listed in Table 4.1 were 

studied and compared with the limits proposed by standard EN 590. 

4.2.3 Test matrix for engine tests 

N-butanol-diesel blends up to 20% by volume of butanol were tested in a Nissan Qasqai engine to 

study the effect of the n-butanol addition on the performance and on the pollutant emissions trying to 

find the lowest particle emissions (both in number and mass). Specifically, diesel blends with n-butanol 

at 10%, 13%, 16% and 20% (volume basis) were tested in the engine test bench at warm ambient 

temperature following NEDC. Each fuel was tested at each condition three times to guarantee 

repeatability. The colour code used to represent results from each butanol-diesel blend tested is 

summarized in Table 4.2.  

Table 4.2. Test matrix for engine tests 

Ambient conditions Butanol content (%v/v) 

 0 10 13 16 20 

Warm      

The New European Driving Cycle (NEDC) is a certification driving cycle designed to evaluate 

emissions and fuel consumption from light duty vehicles. The whole cycle includes four urban driving 

subcycles repeated without interruption and an extra-urban driving subcycle. Following Regulation 83 

[7], before testing, the vehicle remained for at least 6 hours at a temperature between 20-30°C. In these 

tests, this range is narrowed between 20-24ºC. Since the use of the high-pressure or low-pressure exhaust 

gas recirculation depends on the coolant temperature, a more accurate control on the engine temperature 

leads to a better comparison between fuels. All the tests were repeated three times in different days, in 

order to guarantee cold start conditions. 

Although the experimental installation is specified in Chapter 3, it is important to remark that the 

original settings of the ECU mapping were not modified and the fuel consumption was measured with 

the original engine sensors and was registered with the INCA PC software (this process is detailed 

bellow in Section 3.3.4) The fuel consumption measurement was previously calibrated with an AVL 

733s fuel gravimetric system. In these tests, the Road Load Simulation (RLS) is used to simulate the 

Nissan Qashqai 1.5 dCi. The RLS system is composed by a hardware and a software integrated in the 

control of the test bench, and allows simulating the vehicle driving. The transmission ratios of the 

gearbox, the differential ratio (see Table 3.3), the resistive forces (sum of aerodynamic and rolling 

resistances) (Table 4.3), the vehicle mass and the driving profile, are the parameters needed to simulate 

the vehicle. 
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Table 4.3. Aerodynamic and rolling resistance 

Velocity (km/h) Resistive force (N) 

120 660.55 

100 487.19 

80 345.11 

60 234.31 

40 154.80 

20 106.56 

For engine tests, particle size concentrations were determined with an Engine Exhaust Particle Sizer 

Spectrometer (EEPS) placed upstream of the Diesel Particle Filter (DPF). Total hydrocarbon emissions 

(measured with a flame ionization detector Graphite 52M-D), carbon monoxide and carbon dioxide 

emissions (measured with a NDIR detector MIR 2M) and NOX emissions (measured using a 

chemiluminescence Topaze 3000 analyzer) were sampled in the tailpipe. Online thermodynamic 

combustion diagnosis was applied by means of a Kistler Kibox instrument. The experimental installation 

and the equipment specifications are detailed in Chapter 3. 

4.2.4 Test matrix for vehicle tests 

Diesel blends with 10%, 13%, 16% and 20% n-butanol content (volume basis) were tested in the 

chassis dynamometer at warm (24°C) and cold ambient temperature (-7ºC). The latter condition has a 

high interest to promote the use of butanol blends since there are many regions in north Europe, Asia, 

and north America where low ambient temperature is usual during winter season. The objective was to 

study their emissions and performance and to identify the maximum amount of n-butanol that can be 

used without startability problems in diesel vehicles. Higher n-butanol concentrations were discarded 

because the low cetane number and the high enthalpy of vaporization of n-butanol would expectedly 

lead to cold start problems [8]. All blends were tested three times at each ambient condition in order to 

guarantee that results were repetitive enough. Table 4.4 shows the colour code used to represent results 

from each butanol-diesel blend tested at both ambient conditions. 

Table 4.4. Test matrix for vehicle tests 

Ambient conditions Butanol content (%v/v) 

 0 10 13 16 20 

Warm (24ºC)      

Cold (-7ºC)      

Regarding the test procedure, the original settings of the mapping were not modified. Therefore, 

operating parameters such as fuel injection strategy, position of the EGR valves and boost pressure, 

among others, were not externally controlled during the tests. The inlet air mass flowrate and the fuel 

consumption (after previous calibration) were measured with the original engine sensors and registered 

with the INCA PC software (detailed in Section 3.3.4) [8]. 

Regarding the test matrix, butanol-diesel blends were tested on a chassis dynamometer Schenk 

following NEDC (Figure 4.2) at 24ºC and -7ºC, in order to observe differences in vehicle performance, 

emissions and startability between the temperatures used for vehicle certification (between 20 and 30°C) 

and under cold conditions. Although no diesel vehicle certification tests at cold temperature are required 

so far, tests at -7°C were done with the purpose to study the loss in engine performance, the increase in 

emissions, and the expected startability problems derived from the very low cetane number of n-butanol 

compared to diesel [3], the poor miscibility of the diesel-n-butanol blends [6] and the weak physical 
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properties (such as viscosity and cold-flow properties) [5][6]. In relation to the experimental procedure, 

the driver followed the cycle keeping the vehicle velocity under the limits established in the regulation 

(with velocity limit errors of ±2 km/h within a time window of ±1 s) as shown in Figure 4.3. Before 

NEDC tests, following the regulation procedure [7], three extraurban subcycles were carried out for the 

preconditioning of the aftertreatment system. After that, the vehicle remained for at least 6 hours for 

soaking at the test temperature. Each blend was tested three times at each temperature condition to verify 

the reliability of the results. 

 
Figure 4.2. Experimental velocity profile in NEDC 

 
Figure 4.3. Driving limits in the NEDC cycle. Based on [9] 

After that, the most promising blend in terms of engine performance, emissions and startability, 

and the reference diesel fuel, were studied under more dynamic and real driving conditions following 

the WLTC at 24ºC and at -7ºC. WLTC consists of four phases (low speed, medium speed, high speed 

and extra-high speed) based on real-world vehicle trips as shown in Figure 4.4. Each phase contains a 

variety of driving modes, stops, acceleration and braking events. Regarding the test procedure [10], the 

vehicle was previously preaconditioned with a whole WLTC and, after a soaking time of at least 8 hours, 

the vehicle was started from cold conditions. Vehicle tests were repeated three times at each ambient 

condition.  
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Figure 4.4. Experimental velocity profile in WLTC 

During tests, gaseous emissions were measured upstream and downstream of the aftertreatment 

system in order to study its conversion efficiency. CO, NOX and hydrocarbon species upstream of the 

aftertreatment system were measured with the Multicomponent FTIR Gas Analyzer. Regarding gaseous 

emissions downstream of the aftertreatment, total hydrocarbon emissions were measured with a flame 

ionization detector Graphite 52M-D, carbon monoxide and carbon dioxide emissions were measured 

with a NDIR detector MIR 2M and NOX emissions were measured using a chemiluminescence Topaze 

3000 analyzer. Particle emissions were determined in size and number with the Engine Exhaust Particle 

Sizer (EEPS) spectrometer upstream of the DPF. Online thermodynamic combustion diagnosis was 

made using a Kistler Kibox analyser. The schematic diagram of the experimental installation and the 

equipment specifications are detailed in Chapter 3. 

4.3 Data processing 

4.3.1 Conditioning of the fuel consumption signal from the ECU 

The ECU of the engine was open allowing the access to the instantaneous fuel consumption. The 

fuel mass consumption provided by the ECU signal is based on the energizing time on the injector 

(injected volume), the injection pressure and a calibration parameter loaded in the ECU algorithm that 

depends on the fuel used. Therefore, the relation between the energization time and the amount of 

injected fuel depends on the fuel used, specially its density. The measurement of the fuel consumption 

from the ECU of the engine shows a quick response in transient conditions, but shows high measurement 

errors when the density of the fuel tested is very different from the density of the reference diesel fuel. 

For this reason, fuel consumption was corrected after testing, considering the density of the fuel used 

[11]. 

4.3.2 Comparison study between FTIR spectrometer and regulated emissions 

analyser 

In this study, gaseous emissions upstream and downstream of the aftertreatment system were 

compared under NEDC in vehicle tests at both ambient conditions to understand the butanol effect in 

the aftertreatment system.  

For a better comparison, a sensitivity study between the Multicomponent FTIR spectrometer used 

to measure gaseous emissions upstream of the aftertreatment system and the gaseous emissions analyser 
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purchased from Environnement used to measure downstream of the aftertreatment system was made. In 

these tests, gaseous emissions were measured with both equipments at the same location under transient 

(NEDC cycle) and stationary conditions (at low, medium and high load) to replicate all the measurement 

conditions. The location selected was upstream of the aftertreatment system, to avoid any difference in 

the gas composition derived from the aftertreatment performance. Tests were repeated twice. 

Despite the measurement principle method is different for both equipments, the measured 

difference between both equipments for CO and NOX emissions was around 2% at steady conditions. 

However, these differences increased up to 8% for CO and 6% for NOX at transient conditions because 

the different time resolution of each equipment affects the data adquisition, specially during 

accelerations. Since at steady conditions no significant differences were measured, it was assumed that 

no correction is needed.  

In relation to hydrocarbons, the flame ionization detector Graphite 52M-D used for butanol blends 

tests downstream of the aftertreatment system measures total hydrocarbons (volatile organic compounds 

(VOCs) such as alkanes, olefinics, aromatics…) [12] and the FTIR absorption spectroscopy instrument 

placed upstream of the aftertreatment system only measures some hydrocarbon species [13]. Therefore, 

for a qualitative study of hydrocarbons conversion efficiency, THC emissions upstream of the 

aftertreatment system were calculated following Equation 4.1.  

�̇�(𝑇𝐻𝐶)= WC-Ef∙[0.95∙ �̇�(Methane) + 1.99∙ �̇�(Ethylene) + 2.2∙ �̇�(Acetylene) + 1.97∙ �̇�(Ethane) + 

2.94∙ �̇�(Propane) + 5.04∙ �̇�(n-pentane) + 5.7∙ �̇�(Benzene) + 0.3∙ �̇�(Isocyanic acid) + 4∙ �̇�(1,3 butadiene) 

+ 7.83∙ �̇�(n-octane) + 2.92∙ �̇�(Propene) + 4.99∙ �̇�(2-methylbutane) + 1.01∙ �̇�(Acetic acid) + 0.3∙

�̇�(Hydrogen cyanide) + 0.85∙ �̇�(Acetaldehyde) + 4∙ �̇�(Isobutane) + 6.75∙ �̇�(Toluene)] 

Equation 4.1 

where: 

�̇�: mass flowrate (g/s) 

WC-Ef: Atomic weight of effective carbon, 13.9 g/atom. It is calculated dividing the molecular 

weight of diesel fuel by the number of carbon atoms in the molecule. 

�̇�: molar flowrate (mol/s) 

Total hydrocarbons measured with FTIR equipment were calculated as the sum of the measured 

hydrocarbon species weighted with a coefficient based on the effective FID carbon number of each 

hydrocarbon. These coefficients, which are the relative molar response per unit carbon, were  taken from 

a bibliographic study detailed in [14]. 

Before applyig Equation 4.1, the determination of the molar flow for each hydrocarbon species was 

necessary (Equation 4.2). 

�̇� [
mol

s
] = 𝑥[ppm] ∙

1

1000000
∙

1

Molecular weightair
∙ �̇�𝑒𝑥ℎ𝑎𝑢𝑠𝑡 [

g

s
] 

Equation 4.2 

The FTIR equipment only measures some specific hydrocarbons species, which means that some 

others such as heavy hydrocarbons were not measured. Therefore, multiplying calculated total 

hydrocarbons from FTIR by a correction factor (Equation 4.3) was needed for a qualitative comparison. 

This correction factor was adjusted minimizing the mean squared error between total hydrocarbons with 

Environnement and those with FTIR using MS Excel Solver. 

�̇�𝐹𝐼𝐷 = 1.32 ∙ �̇�𝐹𝑇𝐼𝑅 

Equation 4.3 



E.T.S.I. Industriales, UCLM   

94 

4.3.3 Gaseous and particle emissions processing 

Gaseous emissions from Environnement and FTIR, and particle size distribution from EEPS 

equipment were processed with two homemade Matlab programs. The first program, mdfimport.m, 

allows selecting specific variables (with their corresponding time vectors) registered from ETAS-INCA 

software and saving them in the Workspace of Matlab. These variables are usually the fuel mass flow, 

the air mass flow, the engine speed, the vehicle velocity, the coolant temperature and the EGR mass 

flowrate, among others. Once the selected variables were saved in the Workspace, these were loaded in 

the Matlab program procesado.m together with Excel files of gaseous and particle emissions. Each 

gaseous or particle emission is synchronized with the engine speed. The synchronization is necessary 

because there is a delay time from the time when emissions leave the engine until they are registered in 

the measurement equipment [11]. Calculations made internally by the Matlab program are detailed in 

Valverde [15]. 

During driving cycles, gaseous emissions, particle size distributions and fuel consumption were 

registered instantaneously. To a better understanding, these values (in mass/time units) were integrated 

through a discrete integration of instantaneous data using the trapezoidal rule. Equation 4.4 was used 

for the calculation of the accumulated mass of pollutant i in grams from time 0 to time n·∆t where n is 

the number of data sampled and ∆t the sampling time. 

𝑚𝑖 = (2 ∙ ∑ �̇�𝑖,𝑗 − �̇�𝑖,0 − �̇�𝑖,𝑛

𝑛

𝑗=0

) ∙
∆𝑡

2
 

Equation 4.4 

Since each butanol blend was tested three times at each ambient conditions in both, engine test 

bench and chassis dynamometer, results shown in Chapters 6 and 7 are the average of these three driving 

cycles. To evaluate the reliability of these results, a 90% confidence interval was shown. 

4.3.4 Diagnosis processing 

Thermodynamic combustion data were registered with the diagnosis equipment (Kistler Kibox) 

during driving tests. When a test cycle was finished, a “.mf4” file was generated. IPEmotion (from 

Ipetronik) was the software used to view these files. 

In order to make easier the data processing, in these tests, Kibox was programmed to save the data 

of one of every two thermodynamic cycles, discarding the other one (to avoid excessively loaded files). 

Since IPEmotion software allows to display but not to modify data, thermodynamic variables were 

exported to excel file. In Figure 4.5 different apparent heat release angles versus time are shown as 

example. 
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Figure 4.5. Display of IPEmotion software 

Regarding the data processing, since Kibox equipment registered data from the engine start, 

thermodynamic cycles associated with startability problems of butanol blends with high butanol content 

at cold temperature, in which the engine stopped and later re-start successfully, were manually 

eliminated. Thermodynamic cycles registered from the cycle was finished up to the Kibox was switched 

off, were also eliminated [9]. 

During the driving cycle, Kibox registered some mistaken measurements caused by the lack of 

accuracy of some elements such as the amperimetric clamp and the piezoelectric sensor or by the 

presence of some thermodynamic cycles without injection. These mistaken cycles were also eliminated. 

4.4 Fuels 

4.4.1 General characteristics 

In this section, the origin, the composition and the properties of fuels used are described. 

Diesel fuel without oxygen content in its composition was supplied by the Spanish company 

Repsol. The diesel fuel was used as reference fuel for this study and it was extracted from the production 

process before blending with biodiesel fuel in the the Repsol refinery placed in Puertollano (Spain).  

Biodiesel fuel from soybean and palm oils was donated by the Spanish company Bio Oils located 

in Palos de la Frontera (Huelva) to study the possibility of using a renewable fuel as reference fuel. 

Although both diesel and biodiesel fuels, as any other commercial fuel, are batch-dependent, they were 

selected to represent the typical winter diesel and biodiesel fuels used in Europe to be further blended 

in order to comply with the renewable energy targets in European transport. 

The development of the alcohol production processes from lignocellulosic or residual biomass such 

as enzymatic hydrolysis or fermentation with bacteria leads to an increasing interest from the scientific 

community on butanol as blending component. N-butanol used in this study was supplied by Green 

Biologics Ltd., as a member of the NexT Generation Bio-butanol “ButaNexT” project [16]. Specifically, 

n-butanol was produced at the Laihe-Rockley plant in Jin Yuan (China) from mild acid hydrolysed corn 

stover and corn cobs. Ethanol used to compare results from n-butanol tests was purchased from PanReac 

AppliChem. 

Table 4.5 shows the main properties of pure alcohols and diesel and biodiesel as reference fuels. 

Additional characteristics of diesel, biodiesel, ethanol and butanol such as the standard enthalpy of 



E.T.S.I. Industriales, UCLM   

96 

formation, the specific heat at constant pressure and the adiabatic flame temperature are detailed in 

Fernández-Rodríguez [17]. 

Regarding the test matrix described in Sections 4.2.3 and 4.2.4 for engine and vehicle tests, the 

main characteristics of butanol-diesel blends are specified in Table 4.6. 
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Table 4.5. Properties of fuels used for the characterization of blends 

Properties Method Diesel Biodiesel Ethanol n-Butanol 

Purity (%, v/v)    99.5 99.5 

Density at 15°C (kg/m3) EN ISO 3675 842.0 883.5 792.0 811.5 

Kinematic viscosity at 40°C (cSt) EN ISO 3104 3.00 4.19 1.13 2.27 

Lower heating value (MJ/kg) UNE 51123 42.93 37.64 26.84 33.20 

C (wt %)  86.74 77.08 52.14 64.86 

H (wt %)  13.26 11.91 13.13 13.51 

O (wt %)  0 11.00 34.73 21.62 

Water content (mg/kg) EN ISO 12937 41.70 352.10 2024 1146 

Molecular weight (kg/kmol)  208.20c 291.26 46.07 74.12 

H/C atomic ratio  1.83 1.85 3.00 2.50 

Stoichiometric fuel/air ratio  1/14.51 1/12.50 1/9.01 1/11.15 

T10 (°C) EN ISO 3405  188.5 338.4   

T50 (°C) EN ISO 3405 274.0 339.7   

T95 (°C) EN ISO 3405 346.9 345.8   

Boiling point (°C)a  149-385 190-340 78.37 117.4 

Standard enthalpy of vaporization (kJ/kg)b  - 353.56 943.78 619.82 

Freezing Point (°C)  -7.0 -1.7 -114.1a -89.8a 

Standard enthalphy of melting (kJ/kg)a    108.75 125.20 

CFPP (°C) EN 116 -20 -1 <-51 <-51 

Cloud Point (°C) EN 23015 -4.1 2.1 <-120.7 -115.5 

Pour Point (°C) ASTM D97 -21 0 <-120.7 <-120.7 

Lubricity (WSD) (µm) EN ISO 12156-1 371 143 1057 571 

Filterability ASTM D2068 1.02 2.35 1.00 1.00 

Derived cetane number EN 16715 52.65 52.48 8d 15.92 

a: Taken from Pooling et al. [18]; b: Estimated from the corresponding-state correlation proposed by Pitzer [18] with modified exponents as proposed in 

[19]; c: obtained with Aspen Tech HYSYS; d: taken from Zelenka et al. [20] and Li et al. [21].
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Table 4.6. Main properties of butanol-diesel blends used in engine and vehicle tests 

Property Method Diesel Bu10D Bu13D Bu16D Bu20D 

Density at 15°C (kg/m3) EN ISO 3675 842.0 836.5 835.8 834.8 833.5 

Kinematic viscosity at 40°C (cSt) EN ISO 3104 3.00 2.61 2.57 2.54 2.51 

Lower heating value (MJ/kg) UNE 51123 42.93 41.75 41.41 41.17 40.69 

C (wt %)  86.74 84.62 83.90 83.27 82.49 

H (wt %)  13.26 13.29 13.37 13.38 13.31 

O (wt %)  0 2.09 2.73 3.34 4.20 

Molecular weight (kg/kmol)  208.20 177.41 169.92 162.83 154.24 

H/C atomic ratioa  1.83 1.88 1.90 1.92 1.94 

Stoichiometric fuel/air ratio  1/14.51 1/14.18 1/14.07 1/13.97 1/13.85 

CFPP (°C) EN 116 -20 -21 -21 -21 -20 

Cloud Point (°C) EN 23015 -4.1 -3.3 -3.2 -2.9 -2.5 

Pour Point (°C) ASTM D97 -21 -21 -21 -21 -20 

Lubricity (WSD) (µm) EN ISO 12156-1 371 419 423 429 435 

Derived cetane number EN 16715 52.65 46.64 45.92 44.63 42.98 
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4.4.2 Diesel 

Diesel fuel is derived from petroleum and is mainly constituted by parraffins, naphthenes and 

aromatics. Although its properties depend on the refinery process and the additives added to the fuel, 

the main characteristics are quite similar to the majority of diesel fuels supplied in winter in petrol 

stations from southern Europe. Therefore, it can be assumed that a diesel fuel similar to this was used 

to calibrate the engine and the vehicle tested. However, for a better understanding of the butanol effect, 

it has no biodiesel (and thus oxygen) content. Diesel fuel used for this study follows the European 

standard EN 590 [1] and its properties are shown in Table 4.5. 

The chemical composition of the diesel fuel tested was obtained by high resolution mass 

spectrometry [22] and is shown in Table 4.7. The chemical formula and structure of each compound is 

shown in Fernández-Rodríguez [17]. Additional information about the diesel fuel such as the 

composition of paraffins and the estimation of the specific heat at constant pressure following the group-

contributions by Joback et al. [23] are detailed in Fernández-Rodríguez [17]. 

Table 4.7. Chemical composition of diesel fuel [6] 

Diesel compounds Molecular 

formula 

(%w/w) 

Saturated Paraffins n-paraffins CnH2n+2 14.11 

  Isoparaffins CnH2n+2 16.55 

 Naphthenes Monocycloparaffins CnH2n 20.52 

  Dicycloparaffins CnH2n-2 12.62 

  Tricycloparaffins CnH2n-4 8.31 

  Tetracycloparaffins CnH2n-6 3.16 

Unsaturated Monoaromatics Alkylbenzenes CnH2n-6 4.37 

  Benzocycloparaffins CnH2n-8 3.27 

  Benzodicycloparaffins CnH2n-10 2.48 

 Diaromatics Naphthalenes CnH2n-12 2.67 

  Acenaphthene and biphenyls CnH2n-14 2.99 

  Acenaphthylene and fluorenes CnH2n-16 4.17 

 Triaromatics Phenanthrenes CnH2n-18 2.59 

  Pyrenes CnH2n-22 1.15 

 Tetraaromatics Chrysenes CnH2n-24 0.07 

 Sulfur  Tiophenes CnH2n-4S 0.03 

 compounds Benzothiophenes CnH2n-10S 0.96 

 

4.4.3 Biodiesel 

Biodiesel has similar quality than diesel fuel and it was obtained through a transesterification 

process with methanol obtaining a mixture of fatty acid methyl esters (FAME). In Europe, biodiesel 

fuels can be used as substitute of diesel as far as they fulfil the requirements of EN 14214 for diesel 

engines [24]. 

Among the biodiesel properties, it has lower heating value than diesel fuel (around 12-14% mass 

basis) due to its higher oxygen content and its lower carbon and hydrogen content [25]. The lower 

heating value leads to a higher fuel consumption. Biodiesel fuel has higher density and viscosity and 

better lubricity than diesel fuel, but worse cold flow properties due to some biodiesel components 

(specially sterol glycosides and saturated monoacylglycerols) [6][26]. However, the cetane number of 

biodiesel fuel is similar to that of diesel fuel (see Table 4.5), allowing a more clear study on the effect 
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of the alcohol content. The main properties of biodiesel fuel are shown in Table 4.5. Specific properties 

are detailed in Annex AI. 

Biodiesel was produced from soybean and palm oils, around 80% and 20%, respectively, and it 

fulfils standard EN 14214 [24]. Table 4.8 shows the methyl ester profile of the biodiesel fuel. In this 

table, the number of carbon atoms of the acid chain (n) and the number of double bonds (db) is indicated. 

The chemical formula and structure of each methyl ester is shown in Céspedes [27]. 

Table 4.8. Chemical composition of biodiesel fuel [6] 

Acid Cn:db (%w/w) 

Saturated Lauric C12:0 0.03 

 Myristic C14:0 0.21 

 Palmitic C16:0 15.62 

 Margaric C17:0 0.08 

 Stearic C18:0 3.77 

 Arachidic C20:0 0.37 

 Behenic C22:0 0.40 

 Lignoceric C24:0 0.16 

Unsaturated Palmitoleic C16:1 0.11 

 Margaroleic C17:1 0.04 

 Oleic C18:1 26.22 

 Linoleic C18:2 47.26 

 α-linolenic  C18:3 5.39 

 Gadoleic C20:1 0.25 

Its saturated-ester content amounts 20.64 %, which is not far from an average saturation content of 

biodiesel fuels used in Europe. The linoleic acid is the main component, followed by the oleic acid and 

the palmitic acid.  

4.4.4 Ethanol 

The use of ethanol in diesel engines is unusual since its autoignition capacity is very low. Despite 

weak autoignition properties, its renewable character, which contributes to reduce the life-cycle 

greenhouse emissions and thus to restrain global warming, have led researchers to increase their interest 

in ethanol as blending component for diesel engines. 

The use of ethanol is limited by their weak miscibility with diesel fuel. In fact, stabilizing additives 

are required for additing more than 15% ethanol content (volume basis) to diesel fuel at ambient 

temperature [6]. 

4.4.5 Butanol 

Among the processes with higher interest, alcohols produced from waste or lignocellulosic 

materials from advanced production techniques constitute a sustainable alternative. However, the 

properties of alcohols are very different from those of diesel fuels. Therefore, blending with diesel fuel 

is needed to use it in diesel engines. 

Although most of the studies were developed with ethanol, the higher viscosity of butanol with 

respect to ethanol, together with its higher heating value, higher cetane number, better miscibility and 

lower hydrophilic nature, suggest that n-butanol is better renewable component than ethanol in diesel 

blends [3]. 
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5 PROPERTIES OF N-BUTANOL BLENDS AND 

COMPARISON WITH THOSE OF ETHANOL BLENDS 

5.1 Introduction 

As discussed in Chapter 1, bioalcohols can be used not only to replace gasoline in spark-ignition 

engines but also to replace diesel fuels in diesel engines. Among the diesel fuels, some advantages of 

biodiesel with respect to petroleum diesel fuel such as lack of aromatic content, higher flash point, higher 

solubility with alcohols and better lubricant performance, suggest blending alcohols with either diesel 

or biodiesel [1][2].  

Although most of the studies about alcohol blends have been conducted with ethanol, a lot of 

advantages can be found in the use of n-butanol as blending component due to its higher cetane number, 

higher heating value, better lubricity and higher viscosity [3][4][5]. More importantly, n-butanol solves 

the problem of the unstability of the blend at low temperature due to its higher solubility in diesel fuels 

and consequently, improves the cold flow properties and the filterability of the blend [6]. 

In this chapter, results from the blend characterization study designed in the test matrix shown in 

Chapter 4 are presented. Measurements were extended beyond the range of alcohol contents with 

practical interest (limited to small alcohol contents). In fact, tests were made from pure diesel or 

biodiesel fuels to pure ethanol or n-butanol. This wide range helps to get i) practical information for the 

design of transport and storage equipment, pipelines and injector systems in the case of density, 

viscosity, lubricity and flash point, ii) knowledge of the miscibility, cold flow properties and filterability 

useful to diagnose separation events in practical blends, and thus to prevent from filter clogging 

problems and iii) useful information about the delay times to explain the autoignition behaviour of these 

blends not only in engines and vehicles with current technology, but also in future technologies such as 

the Homogeneous Charge Compression Ignition (HCCI) engines.  

Results obtained are helpful to select the most adequate alcohol content range for blending ethanol 

and n-butanol with diesel and biodiesel fuels. Furthermore, based on the current european directives and 

on the expected future scenarios, two blends have been choosen to be tested following the New European 

Driving Cycle (NEDC) and the Worldwide Harmonized Light Vehicle Test Cycle (WLTC) in both, the 

engine installed on the engine test bench and the vehicle placed on the chassis dynamometer. 

5.2 Properties of n-butanol and ethanol blends 

5.2.1 Density 

Figure 5.1 shows density results from n-butanol and ethanol blends with diesel and biodiesel fuels. 

Ethanol-diesel blends from 15% to 80% (volume basis) could not be measured due instability problems 

at ambient temperature. 

It can be observed that density values decrease when alcohol content increases. N-butanol blends 

have density values more similar to the reference diesel fuels than ethanol blends, which would be 

helpful in case that the engine is used without specific recalibration. 

Following standard EN 590 of diesel fuel [7], only blends with densities between 820-845 kg/m3 

fulfil this standard. In the present case (with diesel density close to the upper limit, which is usual in 

commercial diesel fuels), butanol-diesel blends until 70% (volume basis) are within this range, while 

only those ethanol-diesel blends until 40% (v/v) fulfil this requirement. As biodiesel fuel has higher 
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density than diesel fuel, as it can be observed in Figure 5.1, if biodiesel-diesel blends were used as base 

fuel, n-butanol-biodiesel blends up to 87% and ethanol-biodiesel blends up to 68% would be over the 

lower limit established by EN 590 standard. 

 

Figure 5.1. Density 

Figure 5.1 shows that n-butanol-diesel and ethanol-diesel blends do not have an exactly linear trend. 

The composition of a blend has two different chemical species which are modified as a result of the 

mass transfer processes and the chemical reactions between them. 

The influence of the blend composition over the specific variables leads to define the partial molar 

properties or the partial specific properties. In this case, in a liquid blend of alcohol with diesel, it is 

necessary to consider the partial volume of the alcohol and the partial volume of diesel fuel in the blend. 

These values can be different to the specific volumes of the pure alcohol and the pure diesel fuel at the 

same temperature and pressure condition. Therefore, the volume of the blend cannot be calculated as 

the addition of the specific volumes of their components multiplied by their molar fractions, i.e. the 

component volumes are not additive. Instead, volume has to be calculated from the partial specific 

volumes. In an ideal solution, the partial specific volume of a solution component is equal to the specific 

volume of the pure substance at the same temperature and pressure conditions. 

Equation 5.1 and Equation 5.2 were used to calculate the partial volume of the alcohol and the 

partial volume of the reference fuels in each blend [8]. In these equations, the partial volume of alcohols 

is symbolised as vi for ethanol and n-butanol (i= 2,4, respectively) whereas the partial volume of 

reference fuels (diesel and biodiesel) is symbolised as vr. 

�̅�𝑖 = 𝑣 + (1 − 𝑖)
𝑑𝑣

𝑑𝑦𝑖
 

Equation 5.1. 

�̅�𝑟 = 𝑣 − 𝑦𝑖

𝑑𝑣

𝑑𝑦𝑖
 

Equation 5.2. 

Figure 5.2 shows a significant increase of the partial volume of n-butanol and ethanol as a blending 

component with respect to that of the pure alcohols. The deviation from ideality is an indication of the 

presence of interaction. This increase is higher when alcohols are blended with diesel fuel, especially 

for n-butanol [9] because the interaction between the hydroxyl group of the alcohol molecule and the 
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aromatic hydrocarbons are dispersive forces (London forces). Similar type of behavior in excess volume 

has also been observed in the polar-nonpolar systems by a number of researchers [10][11]. On the 

contrary, the partial molar volumes of diesel blends do not differ much with respect to the diesel molar 

volume.  

In the case of alcohol-biodiesel blends, since strong interactions are formed between the hydroxyl 

group of alcohols and the ester group of biodiesel (hydrogen bonds), the partial specific volumes are 

lower than those of alcohol-diesel blends. These specific partial volumes are even lower for ethanol-

biodiesel blends, in agreement with [12]. 

 
Figure 5.2. Partial volumes of n-butanol, ethanol, diesel and biodiesel. 

Since the definition of a partial specific property is not useful to calculate the numerical values 

from the experimental data, the specific volume is represented versus the mass fraction of the alcohol. 

Specific volume is calculated as the inverse of the experimental density (Equation 5.3) and the real 

volume is calculated with Equation 5.4. 

𝑣 =  
1

𝜌
 

Equation 5.3. 

𝑣 = 𝑦𝑖 ∙ �̅�𝑖 + 𝑦𝑟 ∙ �̅�𝑟 

Equation 5.4. 

The excess volume resulting from the increase in the partial volume for both blending components 

is obtained from Equation 5.5. Higher positive excess volumes for alcohols blended with diesel fuel can 

be attributed to the predominance of long range dispersive interactions [13]. 

∆𝑣 = 𝑦𝑟 ∙ (�̅�𝑟 − 𝑣𝑟) + 𝑦𝑖 ∙ (�̅�𝑖 − 𝑣𝑖) 

Equation 5.5. 
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Figure 5.3. Ideal and real specific volumes 

It was verified that the addition of the theoretical specific volume plus the excess volume previously 

calculated results in the measured specific volume (Figure 5.3). A dashed line without markets 

respresents the volume of an ideal blend.  

As a conclusion of this study, it is important consider that blending alcohols (ethanol or n-butanol) 

with diesel fuels lead to a positive excess volume. Despite the final mass being additive, the final volume 

is higher than the ideal one. This fact has strong implications on the fuel consumption, on the fuel price 

and on the sizing of fuel tanks. 

5.2.2 Viscosity 

As shown in Figure 5.4, viscosity values decrease when alcohol content increases in all cases. The 

reduction is more significant for alcohols with shorter carbon chain (ethanol). This decreasing trend is 

not linear with respect to neither the volumetric, mass or molar contents. In the case of ethanol-diesel 

blends with ethanol contents from 15% up to 80%, the viscosity is affected by their poor miscibility, 

which leads to a gel formation, thus increasing viscosity close to the values of ethanol-biodiesel blends 

with the same ethanol content range. 

According to the diesel fuel standard (EN 590) [7], requiring viscosity values higher than 2 cSt, 

only ethanol blends with alcohol content lower than 36% (volume basis) fulfill this requirement. 

However, the whole range of butanol blends fulfills this standard (see horizontal dashed line in Figure 

5.4). In some cases, due to the interaction between alcohol and diesel, some synergistic effects are 

observed. In fact, diesel blends with high butanol content have slightly lower viscosity values than pure 

butanol [4]. 

The use of biodiesel as base fuel increases the viscosity values of the blends, consistently with the 

higher viscosity of biodiesel [1][14]. 
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Figure 5.4. Viscosity 

Experimental data were modelled by Lapuerta et al. [5] using different model equations such us: i) 

linear equation which models the blend viscosity weighting by mole fraction, ii) Arrhenius [15], 

Bingham [16] and Kendall-Monroe [17], all of them with no interaction parameters, iii) Grunberg-

Nissan equation [18], with one interaction parameter and, iv) the three-body and the four-body 

interaction models from McAllister [19], with two and three interaction parameters, respectively. 

Despite the best fit being achieved with the four-body interaction model of McAllister for all cases 

(consistently with the highest number of interaction parameters), the Grunberg-Nissan equation was 

selected as that providing the best compromise in general between the complexity and the accuracy of 

the modeling equation [5].  

Equation 5.6 defines the absolute viscosity of a blend (µ) following the Grunberg-Nissan equation 

for binary blends [18]. The content of each component is quantified by its mole fraction, xr for reference 

fuel (diesel or biodiesel) and xi for alcohols, with i = 2,4 for ethanol and butanol, respectively. When the 

reference fuel is diesel fuel, xr is replaced with xd, and when it is biodiesel fuel, it is replaced with xb.  

ln 𝜇 = 𝑥𝑟 ln 𝜇𝑟 + 𝑥𝑖 ln 𝜇𝑖 + 𝑥𝑟𝑥𝑖𝐺𝑟𝑖 

Equation 5.6. 

Since minor positive excess volume has been found in alcohol blends with diesel as reference fuel 

(see Section 5.2.1), the kinematic viscosity was calculated dividing the absolute viscosity by the density 

obtained from the partial volumes. 

Interaction coefficients from the Grunberg-Nissan equation providing an optimal adjustment of the 

kinematic viscosity are Gd2 = 0.85 for ethanol-diesel blends, Gd4 = -0.30 for butanol-diesel blends, Gb2 

= 1.40 for ethanol-biodiesel blends and Gb4 = 0.16 for butanol-biodiesel blends.  

Alcohol’s polarity is induced by the hydroxyl group (-OH), which is one of the most polar chemical 

groups, regardless the polarity index used [20]. In general, biodiesel fuels have lower mean polarity, 

with only the ester functional group (-COO-) providing polarity to the molecule while the aliphatic chain 

of the molecule is roughly non-polar. In alcohol-biodiesel blends, the polar group of both components 

attract each other and form permanent dipoles. Furthermore, the intensity of these interactions is 

enhanced by the formation of hydrogen bonds (attractive forces between the hydrogen attached to an 

electronegative atom of one molecule and an electronegative atom of a different molecule) [21]. The 

diesel fuel is a complex mixture of different chemical compounds, from highly non-polar n-alkanes to 

moderately polar aromatic hydrocarbons. In alcohol-diesel blends, these aromatic structures may 

interact slightly with the hydroxyl group of the alcohol forming transient dipoles (intermolecular forces 
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weaker than the hydrogen bond) [21]. Consequently, Grunberg-Nissan coefficients are higher for 

alcohol-biodiesel blends than for alcohol-diesel blends because in the first ones, the attraction between 

the hydroxyl group of the alcohol molecule and the carboxyl group of the biodiesel fuel is stronger than 

that between the hydroxyl group and the aromatic hydrocarbons of diesel fuel.  

Grunberg-Nissan interaction coefficients are higher for ethanol than for n-butanol for both, diesel 

blends and biodiesel blends. When the alcohol chain length increases, the non-polar part of the molecule 

becomes increasingly dominant and the Grunberg-Nissan interaction coefficient is reduced [5].  

An equation was proposed in Lapuerta et al. [4] to adjust the interaction coefficient for diesel 

blends. Similarly as for alcohol-diesel blends, the interaction coefficients obtained for alcohol-biodiesel 

blends have also been fitted to a second order equation [5]. In order to get a more accurate equation, 

other alcohols such us methanol, propanol and n-pentanol were also tested blended with biodiesel fuel. 

From these modelling equations, a good and fast estimation of the viscosity of blends of alcohols with 

diesel and biodiesel fuels can be achieved, which is useful for researchers, fuel producers and engine, 

pump and pipeline designers.  

In addition, with the purpose of confirm the Grunberg-Nissan interaction coefficients for ethanol 

and n-butanol blends with diesel, the contribution of each diesel component to the overall Grunberg-

Nissan coefficient are detailed in [22]. 

5.2.3 Lubricity 

The reduction in the sulphur content required by the EN 590 standard [7] in the last years, has led 

to a reduction in the fuel lubricity. The lubricity was reduced due to the hydrodesulfurization process in 

which part of the inherent polar substances that acts as a natural lubricant (oxygenated, nitrogenous 

compounds) are removed [4]. Since the highly-loaded mechanical rolling components of the high-

pressure pumps and injector nozzles require diesel fuels with adequate lubricity in order to maintain 

functionality and endurance requirements, some chemical additives [23] or other ecofriendly options 

such as mixing with biodiesel [24], are needed to improve the fuel lubricity. 

The wear scar values detailed in Annex AII are shown in Figure 5.5. A dashed line represents the 

limit established by EN 590. As can be observed in Figure 5.5, the lubricity of pure alcohols (measured 

at 60ºC) increases (the wear scar decreases) in general with the alcohol molecular weight [4]. The wear 

scar obtained from n-butanol is higher than that obtained from diesel fuel because its lower viscosity 

prevents from forming a sufficiently thick hydrodynamic layer [25].  

 
Figure 5.5. Lubricity. 
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The lubricant performance of pure n-butanol is better than pure ethanol because the wear scar of 

pure ethanol is higher than the butanol one. However, for intermediate ethanol concentrations, the 

lubricity performance of ethanol blends was better, or at least, not worse than diesel fuel. This effect can 

be explained because the expected loss of lubricity (due to the presence of ethanol) is compensated by 

the increase of the evaporation losses of ethanol from the lubricating layer during the lubricity test at the 

HFRR [26]. This effect is almost negligible in butanol blends due to the lower volatility of butanol. As 

a consequence, wear scars from butanol blends have a linear increasing trend when the butanol content 

increases while those from ethanol blends show a flat behaviour between 10-75% ethanol content and 

an exponential trend for higher ethanol contents. 

EN 590 standard requires wear scars lower than 460 µm [7]. Following this standard, the range of 

ethanol-diesel blends (up to 84%) that fulfil this standard was higher than the butanol-diesel blends 

range (up to 42%).  

Biodiesel is a good alternative to the chemical additives to enhance the fuel lubricity due to the 

presence of methyl esters [24]. In Figure 5.5, it can be seen that the range of biodiesel blends that fulfil 

the standard was wider than that for diesel blends: up to 89% (volume basis) in the case of butanol and 

up to 87% in the case of ethanol-biodiesel blends. 

5.2.4 Blend stability 

A blend is considered unstable when any of the following patterns is observed in the glass cell: 

separation into two different liquid phases, gel formation around the interface, or gel formation at the 

bottom of the cell [1]. The composition of the blend, the temperature and the water content are the main 

factors that affect the blend stability. In Figure 5.6, lines have been drawn to delimit the stability region 

for blends of diesel or biodiesel with ethanol or n-butanol, with limited water contents. Below the lines, 

the unstable region is widened when the temperature decreases. 

In the case of blends with diesel fuel, better stability is observed for n-butanol blends with respect 

to ethanol blends because n-butanol has lower polarity [6], due to the larger carbon chain of n-butanol 

and the consequent lower importance of the hydroxyl group (-OH), similarly to the main non-polar 

character of diesel fuel [21]. A major drawback in ethanol-diesel fuel blends is that ethanol is immiscible 

in diesel over a wide range of temperatures because of their difference in chemical structure and 

characteristics. In blends with low ethanol content, the aromatic structures of diesel fuel may dissolve 

ethanol, making the blend stable [27]. However, once all the polar compounds in the diesel fuel have 

solved ethanol, the remaining ethanol (polar) is separated from the rest of the blend (non-polar) [21]. 

This instability, which is also observed for n-butanol diesel blends at much lower temperature, is 

manifested through gel formation or phase separation even with very small water contents. If the water 

content increases, then the stability region is notably narrowed [1][2]. However, in this case, water 

contents remained always below 0.3 % w/w (see Table 4.5), which is not expected to reduce the stability 

region significantly [28]. Prevention of phase separation can be accomplished by adding either an 

emulsifier, which acts as a suspender to the small ethanol droplets within the diesel fuel [2][29], or a co-

solvent, which enhance the intermolecular interactions between polar molecules acting as a bridging 

agent and thus producing a homogenous blend [30]. 

Differently to diesel fuel, biodiesel fuel stabilizes ethanol blends. Ethanol presents a good 

miscibility with biodiesel [2] because of their similar polar character. Strong interactions are formed 

between the hydroxyl group of ethanol and the ester group of biodiesel. The intensity of these 

interactions is even enhanced by the formation of hydrogen bonds which are attractive forces between 

the hydrogen attached to an electronegative atom of one molecule and an electronegative atom of 

another different molecule [21]. However, while biodiesel benefits stability when ethanol content is low, 



E.T.S.I. Industriales, UCLM  

112 

it induces a gel formation at high ethanol contents [1]. In the case of n-butanol blends, the mentioned 

stabilizing effect of biodiesel extends to even higher n-butanol concentrations, and the gelification 

occurs at lower temperatures [6]. At low alcohol content, alcohol-biodiesel curves do not represent 

blending stability, because the crystallization of saturated biodiesel components reduce the transparency 

of the fuel. It should be noted that both alcohols reduce the crystallization tendency from very low 

contents. 

 
Figure 5.6. Blend stability 

5.2.5 Cold Filter Plugging Point 

Both alcohols, ethanol and n-butanol have lower CFPP than the diesel fuel tested [6], which is a 

winter diesel fuel. It was not possible to measure the CFPP of ethanol-diesel blends from 15 to 80 % of 

ethanol (volume basis) because the CFPP equipment cannot preheat the sample to avoid stability 

problems within this range, see Figure 5.6. The CFPP of pure alcohols could not be measured because 

their expected values are below the measurement range (the lower limit is -51°C). 

 

Figure 5.7. Cold Filter Plugging Point 
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Figure 5.7 shows that CFPP values decrease when the alcohol content increases in all cases. 

Numerical values are detailed in Table AIII.1. None of the blends reduce significantly the CFPP of 

diesel fuel until alcohol content is higher than 75% in volume. This reduction is higher for n-butanol 

blends than for ethanol blends [6]. However, these high-content n-butanol blends are not practical due 

to their low cetane number [3]. 

Although ethanol-diesel blends for intermediate alcohol contents could not be measured, a notable 

detrimental effect is expected due to the weak miscibility of these blends. Consequently, these blends 

could lead to filter plugging in cold weather countries. This detrimental effect is much less noticiable 

for n-butanol-diesel blends, which would only present plugging problems in severe arctic climates. 

In the case of biodiesel blends, the plugging problems would appear even in mild weather countries 

as a consequence of the crystallization of monoacylglycerols of saturated fatty acids, sterol glycosides 

and other impurities [31][32]. These saturated components, when the fuel temperature decreases, would 

block the fuel flow along the injection system, avoiding the fuel reaching the injectors and the 

combustion chamber [33]. There are no significant differences between different alcohols blended with 

biodiesel up to 40% (volume basis). For higher alcohol contents, n-butanol blends would reduce the 

problem with respect to ethanol biodiesel blends for high alcohol contents consistently with their better 

miscibility (see Section 5.2.4), despite the higher CFPP of these heavier alcohols when they are pure 

[4][6]. 

An equation was proposed in a previous work [4] to estimate the Cold Filter Plugging Point of 

blends of alcohols (not only ethanol and n-butanol but also propanol and n-pentanol) with diesel fuel. 

Similarly to alcohol-diesel blends, the CFPP of alcohols-biodiesel blends has also been fitted to an 

equation similar to that proposed for diesel blends to predict the CFPP behavior of these blends [6]. In 

this study, also propanol-biodiesel and pentanol-biodiesel blends were measured to propose a more 

accurate equation.   

5.2.6 Cloud Point 

Figure 5.8 shows that, in general, the cloud point (CP) tendency is very similar to that observed for 

blending stability (see Section 5.2.4). In fact, both measurements determine the temperature at which 

any loss of light transmission through the sample is detected. To measure the cloud point of ethanol-

diesel blends in the unstable region, from 15% to 80% ethanol content, the samples were previously 

preheated at a temperature above the stability limit to ensure the miscibility of the components. The 

close vessel of the CP/PP instrument was used to avoid evaporation of the most volatile fractions. 

Diesel fuel has lower cloud point than biodiesel fuel [31]. In general, larger improvements in the 

cloud point were observed when n-butanol was blended with both reference fuels (diesel or biodiesel) 

than when ethanol was blended [6]. This is anticipated visually because n-butanol blends maintain the 

crystalline aspect at lower temperatures. Similarly to the trend observed for both blending stability 

(Figure 5.6) and CFPP (Figure 5.7), when diesel is blended with alcohols an increased trend is observed 

with increasing alcohol content, especially when it is blended with ethanol at intermediate contents, as 

a consequence of the formation of a gelatinous phase due to molecular interaction. The attraction 

between the hydroxyl group (-OH) of the alcohol molecule and the aromatic hydrocarbons of the diesel 

fuel is weaker than that between the hydroxyl group and the carboxyl group (-COO-) of the biodiesel 

fuel [21]. As the alcohol-biodiesel attraction is stronger, these blends are more stable and as a 

consequence, no gelatinous phase appears. Since the cloud point is measured though optical sensors, the 

formation of this gelatinous phase worsens the cloud point behaviour of blends with weak stability. 
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Figure 5.8 shows that only blends with alcohol contents higher than 85% improve the cloud point 

of diesel fuel. Contrarily, biodiesel blends reduce gradually their cloud point when it is blended with 

both alcohols (ethanol and n-butanol) even at low alcohol contents. This reduction is higher for n-butanol 

blends because as the alcohol chain length becomes longer, the non-polar part of the molecule becomes 

increasingly dominant and the affinity between n-butanol and biodiesel is higher [21]. 

Extended information about experimental CP measurements for these blends can be found in [34]. 

 
Figure 5.8. Cloud Point 

5.2.7 Pour Point 

Similarly to the procedure used to measure the cloud point of ethanol-diesel blends from 15% to 

80% ethanol content, the samples within this range were preheated previously to the pour point (PP) 

measurements. Figure 5.10 shows that, in general, the pour point tendency is very similar to that 

observed for CFPP. The weak miscibility of ethanol-diesel blends leads to a sharp drop in the pour point 

for intermediate ethanol content. This tendency can be explained because both phases are separated at 

low temperature and only ethanol flows from the upper phase, thus supporting the pour point test. This 

phase separation was confirmed visually by stopping some of the tests in the middle of the pouring 

process (Figure 5.9). 
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Figure 5.9. Et40D blend sttoped in the midle of the cooling process 

Biodiesel blends reduce gradually their pour point when it is blended with both alcohols (ethanol 

and n-butanol). This reduction is higher from 60-75% onwards, especially for n-butanol blends because 

of the higher n-butanol-biodiesel affinity, as explained in previous section. Therefore, blending biodiesel 

with n-butanol is expected to partially avoid the cold flow problems typically associated with biodiesel 

fuels [6]. 

Comparing the cloud point and the pour point tendencies at the unstable region of ethanol-diesel 

blends, it can be observed that the cloud point of these blends increases because the turbidity appears at 

higher temperatures, whereas the pour point decreases because only the separated ethanol phase (upper 

phase) acts as a liquid medium, thus flowing even at temperatures below the pour point of the diesel fuel 

[6]. 

More detailed information about experimental PP tests for these blends can be found in [35]. 

 
Figure 5.10. Pour Point. 
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Table 4.8) and the peak on the left (-57°C) is related to the monounsaturated ones (which amount around 

26%). In the diesel fuel curve, only one minor peak is detected because its composition is much more 

dispersed into a wide number of different hydrocarbons. Since this peak is hardly visible, a zoom has 

been made. The temperature for this peak is around -7°C. 

With regard to alcohols, their freezing points are out of the measurement range. On the contrary, 

some basal heat release rate can be observed, which is higher for ethanol than for n-butanol. This could 

be explained because as the temperature is decreased there is some condensation of vapours in the 

cruzible. Since the latent heat of vaporization is higher for ethanol than for n-butanol (see Table 4.5), 

the basal heat release associated with this condensation is also higher. The higher specific heat at 

constant pressure (Cp) of ethanol (2436.6 J/kg·K) with respect to that of n-butanol (2388.7 J/kg·K) also 

contributes to this result. 

Figure 5.11 (right) shows the heat release for these blends with 10% alcohol in diesel or biodiesel 

fuel. The heat realease rate and the freezing temperature are very similar for Bu10D and Et10D as can 

be observed in the zoom attached. When alcohols are blended with biodiesel fuel, the amount of heat 

release is reduced proportionally to the alcohol content, and the freezing temperature is also reduced in 

both cases, especially for n-butanol. 

          
Figure 5.11. DSC for pure fuels (left) and DSC for blends with 10% alcohol (volume basis) (right). 

Different peaks are observed from a fuel or blend test, but only the highest temperature is displayed 

(first-peak freezing temperature) in Figure 5.12. This figure shows that, similarly with other cold 

properties, the freezing temperature of biodiesel is higher than that for diesel fuel. No results were 

obtained for pure alcohols (ethanol and n-butanol) and ethanol-diesel blends over 50% ethanol content, 

because the heat release rate peak is not intense enough to be detected [6]. 

For n-butanol blends, trends are very similar to miscibility trends. In the case of n-butanol-diesel 

blends, although up to 15% n-butanol content, the freezing temperature remains approximately constant 

(meaning that the alcohol content is not enough to increase significantly the freezing temperature), from 

15% onwards, the first-peak freezing temperature increases as a consequence of the formation of first 

crystals which lead to a gelatinous phase. For n-butanol-biodiesel blends, similarly to the trend observed 

in Figure 5.6, n-butanol reduce the freezing temperature [6]. 

For ethanol blends, DSC results do not reproduce exactly the miscibility trend. While Figure 5.6 

shows a sharp peak for ethanol-diesel blends from 15% of ethanol content, DSC results show this 

increasing trend from higher ethanol content. This discrepancy indicates that the loss of miscibility is 

not only associated with the crystallization of fuel compounds. 
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Figure 5.12. Results for the first-peak freezing temperature obtained with DSC. 

5.2.9 Filterability 

The Filter Blocking Tendency (FBT) is the relation between the fuel volume flowing through a 

standardized filter and the pressure drop across the filter reached during the test at ambient temperature. 

The minimum FBT value is 1, which indicates good filterability while higher values of FBT indicate 

worse filterability, with 2.52 representing a higher limit in some local standards such as UK or Australia 

[36][37]. 

For all the tests carried out in this study, ambient temperature remained between 21 and 25°C (at 

which the unstable region for ethanol-diesel blends ranges between 20 and 70 % v/v). Pure biodiesel 

fuel led to the highest FBT values, while pure diesel fuel and pure alcohols have no filterability 

problems, as shown in Figure 5.13. Small alcohols contents improve the filterability of biodiesel. The 

improvement is similar for both alcohols. However, for higher alcohol contents, the filterability is 

negatively affected by the strong interactions between the polar alcohol molecules, especially ethanol, 

and the polar molecules in reference fuels, especially those from biodiesel [1][28]. At ambient 

temperature, these interactions do not lead to phase separation but induce a certain gelification which 

reduces filterability. Consequently, filterability results anticipate cold filter plugging problems for 

miscible blends. On the contrary, in the case of blends that become unstable at reduced temperature 

(such as ethanol-diesel blends), these results are not meaningful. 

 
Figure 5.13. Filter blocking tendency for tested blends. 
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5.2.10 Cetane number 

Cetane number is one of the most important parameters for the combustion analysis and for the 

optimization of the combustion timing, and it is considered a quality indicator in diesel fuels. However, 

a high cetane number is not a restrictive parameter to quantify the quality of combustion in a 

Homogeneous Charge Compression Ignition (HCCI) engine [38][39]. 

Figure 5.14 shows the derived cetane number of n-butanol and ethanol blends with diesel and 

biodiesel fuels as reference fuels. In the case of ethanol-diesel blends, no experimental results were 

obtained from 15% to 65% ethanol content, due to the weak miscibility of blends within this range, 

where emulsifiers would be necessary at room temperature [6]. No tests could be done for high ethanol 

contents and for pure ethanol because they resulted in delay times higher than 220 ms, which are the 

maximum data acquisition window. The result shown for Et65D blend was obtained after heating the 

mixture up to 40°C to reach enough miscibility.  

The cetane number of diesel fuel (52.65) and biodiesel fuel (52.48) are similar allowing a more 

interesting study focused on the alcohol content. Both are close to the lower limit of the EN 590 standard 

for cetane number, which is fixed in 51 [7]. The cetane number of pure butanol [3] is higher than that of 

the pure ethanol [40][41], consistently with its longer carbon-chain length. The cetane number of the 

blends is reduced for increasing alcohol contents.  

In the present case (with the specific diesel and biodiesel fuels used in this study), only butanol or 

ethanol blends with diesel fuel up to 3%, or butanol-biodiesel blends up to 5% or ethanol-biodiesel 

blends up to 1% fulfil this standard. To extend the use of blends for higher alcohol concentrations, 

modifications in the current standard would be required, reducing the lower limit for the cetane number 

of the reference diesel fuel. Furthermore, the range of butanol blends that fulfil the standard could be 

extended if cetane improvers or paraffinic components were used [42]. 

 
Figure 5.14. Derived Cetane Number 

The effect of ethanol and n-butanol concentrations on the autoignition time of diesel and biodiesel 

blends was analysed at different alcohol concentrations [3]. The resulting values for IDCF and IDM 

(defined in Section 3.2.9) are listed in Annex AIV for all tests. As expected based on the cetane numbers, 

increasing the alcohol content always led to a significant increase in both IDCF and IDM as shown in 

Figure 5.15. Such an increase was not linear with the alcohol content, but was sharper at high alcohol 

contents, which agrees with other studies [43][44].  
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Figure 5.15. Variation of ignition delay time for cool-flame combustion, IDCF, and main combustion, IDM, 

with the alcohol content. 

For butanol blends, the increase in delay time was very similar when diesel or biodiesel were used 

in the blends. For the same alcohol content, the increase in ignition delay was always higher for ethanol 

than for butanol blends, consistently with the lower cetane number of ethanol [40]. Two factors 

contribute to this trend: a) the lower carbon number of ethanol with respect to butanol and b) the lower 

equivalence ratio of the mixture of ethanol blends and air with respect to the corresponding butanol 

blends (see Table IV.1). If the delay time IDM is compared for blend Et65D and for net butanol (both 

with 0.28 equivalence ratio), it can be observed that the delay time for the ethanol blend is still much 

larger than that for butanol, proving that differences in equivalence ratio did not affect the observed 

trends in IDM. It is also noticeable that, from a certain alcohol content onwards, the differences between 

ethanol and butanol blends were magnified when alcohols were blended with diesel fuel, whereas they 

were minimized when they were blended with biodiesel fuel [3]. Another interesting observation is that, 

despite the similar cetane numbers of diesel and biodiesel fuels, alcohols (but especially ethanol) enlarge 

the delay time more when blended with diesel than when blended with biodiesel fuel. This cannot be 

explained based on the equivalence ratio, since it is higher in the case of diesel blends. Some divergence 

with respect to the cetane number trend was also observed in diesel engines when 15% alcohol was 

blended with diesel and biodiesel fuels [45]. 

In an additional study, the initial pressure and temperature conditions in the combustion chamber 

and the equivalence ratio were modified in order to study the autoignition time of these blends under 

different conditions [3]. These additional results are useful as a reference to study the high variability of 

initial conditions in the engine combustion chamber when driving cycles are followed. 
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The flash point temperature is the temperature needed for the ignition of the blend. Flash point has 
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be observed in Figure 5.16 when a small amount of alcohol is added to the blend because the vapour 

pressure of alcohols is higher than the vapour pressure of diesel and biodiesel fuels.  

Following the EN 590 standard [7], only diesel blends until 1% (alcohol volume) and biodiesel 

blends until 4% of butanol content or 2% ethanol content fulfil this standard. Flash point is one of the 

most restrictive properties that prevent the current use of butanol blends without any modification in the 

current regulations. Some attempt of comercialising butanol blends with higher alcohol content would 

require a relaxation of the EN 590 standard or the use of some technological devices such as flame 

arresters. Flame arresters stop fuel combustion by extinguishing the flame. They operate absorbing the 

heat from a flame front traveling at sub-sonic velocities, thus dropping the burning gas/air blend below 

its autoignition temperature and consequently, the flame cannot progress [46].  

 
Figure 5.16. Flash Point 

5.3 Justification of blends selected for engine and vehicle tests 

The final selection of optimal blends (to be tested in further diesel engine and vehicle tests) was 

made considering the most important properties included in the diesel fuel standard EN 590 [7]. 

First of all, if pure n-butanol is compared to reference EN 590 diesel fuel (always used to calibrate 

diesel engines) it has lower density and viscosity than diesel fuel. Also, n-butanol has lower heating 

value, lower lubricity, lower flash point and much lower cetane number. Some of the properties of pure 

n-butanol do not fulfil the limits proposed in EN 590, making unfeasible its use in diesel engines. For 

this reason, blending butanol with reference fuels (diesel and biodiesel fuels) is necessary for a further 

market launch.  

If n-butanol blends are compared to ethanol blends, the first ones have closer values to diesel fuel 

in properties such as density, viscosity, heating value, flash point and cetane number. Furthermore, n-

butanol blends show in general better cold flow properties than ethanol blends due to their better 

miscibility. So, as far as the butanol content in the blend is mainly limited by the cetane number, the 

flash point and the heating value, engine recalibration may not be needed if the commercial use of these 

blends with low n-butanol content is promoted. 

Although biodiesel blends have better lubricity, miscibility and flash point performance than diesel 

blends, other properties such as filterability, cold flow properties and heating value are worse (the latter 

meaning that higher fuel consumption is needed to reach a specific power). These drawbacks make 

difficult the implementation of alcohol blends with biodiesel fuel, specially in cold weather countries.  
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In any case, low alcohol content range is the most interesting because for higher alcohol contents 

the heating value and the cetane number are decreased, the latter even dropping below the lower limit 

established by the EN 590. 

Considering that current diesel engines are calibrated for diesel fuels and that diesel fuel is the only 

fuel supplied in petrol stations for diesel engines, it can be concluded that n-butanol-diesel blends with 

low n-butanol content are the most promising options to be tested for further engine and vehicle tests. 

The optimal range selected is from 10% to 20% n-butanol content (volume basis). Specifically, Bu10D 

and Bu20D blends, which contains respectively 10% butanol-90% diesel and 20% butanol-80% diesel, 

all of them in volume basis.  

Following the target established in the Directive of the European Union (EU) 2015/1513 [47], 

namely “the share of energy from renewable sources in all forms of transport in 2020 should be at least 

10% of the final consumption of energy in transport”, the optimal blend Bu10D represent a real scenario 

of implementation of butanol as renewable component for diesel fuels. Since the European Directive 

(EU) 2018/2001 has recently promoted the use of biofuels, increasing up to 14%, the mandatory 

renewable energy in the transport sector and up to 3.5% the minimum content of advanced biofuels and 

biogas for 2030 [48], Bu20D represents a future scenario, around 2030 or beyond, in which higher 

renewable contents in diesel fuels are expected. Both selected blends would fulfil most of the limits 

proposed in EN 590 for diesel fuel. The most restrictive limits could be fulfilled using some cetane 

number improvers or using flame arresters in tanks to avoid the autoignition of selected blends.  
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6 RESULTS FROM N-BUTANOL BLENDS IN THE ENGINE 

TEST BENCH 

6.1 Introduction 

Butanol blends Bu10D (10% n-butanol and 90% diesel) and Bu20D (20% n-butanol and 80% 

diesel), previously selected in the blend characterization study presented in Chapter 5, were tested in a 

modern Euro 6 diesel engine at ambient temperature. Higher n-butanol contents were discarded because 

the low cetane number and the high enthalpy of vaporization (see Table 4.5) of n-butanol would lead to 

cold start problems. Additionally, closer n-butanol contents were tested between 10% and 20% (such as 

13% and 16%), both volume basis, trying to find the minimum particle emissions (both in number and 

mass).  

The effect of the n-butanol addition on the performance and the pollutant emissions in the tailpipe 

was analysed from the results obtained in the engine test bench. Tests were carried out following the 

New European Driving Cycle (NEDC), which was the certification driving cycle designed to evaluate 

emissions and fuel consumption from light duty vehicles in Europe up to September 2017 [1], as 

described in regulation 83 UNECE [2]. 

In this chapter, results from regulated gaseous emissions (CO, THC and NOX) measured 

downstream of the aftertreatment system and particle emissions sampled upstream of the Diesel Particle 

Filter (DPF) were analysed. Prior to the emission results, some other relevant engine parameters such 

as fuel and energy consumption, equivalence ratio, EGR ratio, engine temperatures and combustion 

diagnosis are presented because they are useful to explain the emissions results. 

In this work, a Nissan Qashqai 1.5 dCi, which is the best-selling sport utility vehicle (SUV) in 

Europe during last years [3], was simulated during the tests through the Road Load Simulation (RLS) 

system. We have preferred not to use the certification limits of the Euro 6 standard as a reference in the 

case of engine tests because when the engine is tested using a RLS system, emissions are expected to be 

slightly higher that those measured from the actual vehicle, for several reasons: 

• Since the RLS (which follows the instantaneous torque from a close-loop control) simulates the 

cycle in a more abrupt way than a human driver (in the case of the vehicle), accelerations lead to 

higher increases in temperature and consequently in NOX emissions. 

• The gear position, which is one of the variables used in the engine mapping, was not used as an 

input in the ECU because the gearbox was not included in engine setup. Therefore, during engine 

tests, the engine is working during the whole cycle in the map corresponding to the third gear 

because it is the most used gear during the urban subcycles. As a consequence, the injection strategy 

followed along the NEDC cycle is different for engine tests and for vehicle tests. The first pilot 

injection (start of energizing) during the extraurban is advanced for all fuels tested in engine tests 

with respect to the urban subcycle, whereas it is delayed during the extraurban for vehicle tests (see 

Chapter 7). Therefore, the advanced combustion in engine tests leads to higher temperature peaks 

and to higher NOX emissions. 

Anyway, results obtained from the engine tests are really useful to confirm the trends between fuels 

observed in vehicle tests at ambient temperature (see Chapter 7) providing more accurate results because 

tests are not subjected to uncertainties derived from human driving, but programmed in the RLS system. 

Since the RLS is able to reproduce with more repeteability the NEDC, in this chapter, an analysis of the 

engine temperatures and of the engine strategy in the Lean NOX Trap (LNT) purge is made.  
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6.2 NEDC cycle at ambient temperature 

6.2.1 Specific fuel and energy consumption 

The fuel consumption values were provided by the ECU signal based on the energizing time on the 

injector (injected volume) and corrected with the density in the case of butanol blends, as explained in 

Section 4.3.1. The instantaneous fuel consumption and the total accumulated fuel consumption results, 

are shown in Figure 6.1 left. Since oxygenated fuels have lower heating values, fuel consumption 

increases slightly for butanol blends with respect to reference diesel fuel [4]. The maximum fuel 

consumption was measured Bu20D due to its lowest heating value (see Table 4.6) [5]. 

It is interesting to observe that intense fuel consumption peaks are associated with accelerations. 

These fuel consumption peaks decrease in intensity (for all fuels) as the engine temperature increases. 

On the contrary, during decelerations, two stages can be distinguished. In the first stage of each 

deceleration (with engine speed higher than 1000 rpm), fuel consumption is nil, because the engine 

speed is still enough to sustain the engine idle. At this condition, the engine inertia is compensated with 

pumping losses, leading to negative effective power (the engine operates as a compressor). In the second 

stage of each deceleration (with engine speed lower than 1000 rpm), the engine inertia is already 

insufficient to compensate the mechanical losses, and therefore, idle regime speed is re-established, 

leading to a fuel consumption of around 0.1 g/s (when the engine is hot) and to almost 0.2 g/s (when the 

engine is still cold).  

Figure 6.1 right shows that the specific energy consumption (defined as the fuel consumed by the 

vehicle per distance travelled) is higher for increasing butanol contents, particularly in the first urban 

subcycle when the amount of fuel injected is higher to overcome thermal and friction losses [6]. 

 
Figure 6.1. Instantaneous (left) and specific (right) fuel consumption 

Energy consumption (inversely proportional to the engine efficiency) is determined as the product 

of the fuel consumption and its lower heating value. Instantaneous rate of energy consumption (MW) 

and accumulated energy consumption (MJ) are shown in Figure 6.2 left. As can be observed, the above 

described differences in fuel consumption, in the average of the whole cycle, almost disappear in terms 

of energy consumption as a consequence of the lower heating value of n-butanol. This implies that the 

use of n-butanol in the blends do not lead to any decrease in the engine efficiency as shown in Figure 

6.2 right [7]. In the first stages of the cycle, the energy consumption is higher due to the higher heat 

transmission losses. Part of the fuel injected is invested to heat the engine. This effect is reduced as the 

engine is getting hotter.  
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Figure 6.2. Instantaneous (left) and specific (right) energy consumption 

6.2.2 Equivalence ratio 

Equivalence ratio is defined as the ratio between the actual fuel/air mass ratio and the stoichiometric 

fuel/air ratio. Equivalence ratios higher than one mean rich combustion (very unusual in diesel engines, 

at least when the NEDC cycle, with no sharp accelerations, is followed) and equivalence ratios lower 

than one means lean combustion. As observed in Figure 6.3 left, equivalence ratios remain always below 

one, with two exceptions: a) in the extra-urban accelerations, for very small periods of time; and b) when 

the simulated vehicle reaches 100 km/h (second 1073), when LNT regeneration becomes active (for all 

tests) [5]. Equivalence ratios at steady conditions are lower in urban subcycles than in the extra-urban 

one, and decrease slightly as the engine gets hotter. In the first stage of decelerations (with engine speed 

higher than 1000 rpm) the equivalence ratio is nil, correspondingly with the nil fuel consumption already 

described.  

Figure 6.3 right shows that there are no significant differences in equivalence ratio between 

different fuels, and therefore, differences in emissions should not be attributed to equivalence ratio in 

any case. This result is usual when oxygenated biofuels are compared to diesel fuel [7][8]. 

 
Figure 6.3. Instantaneous (left) and average (right) equivalence ratio 

6.2.3 Exhaust Gas Recirculation 

The exhaust gas recirculation (EGR) is one the main strategies used in modern diesel engines to 

reduce NOX emissions. It consists on recirculating part of the exhaust gas into the intake manifold. The 

introduction of cooled exhaust gas into the combustion chamber results in dilution of the air-charge by 

replacing O2 with the non-reacting CO2 and H2O. Consequently, the in-cylinder local combustion 

temperatures are reduced, thus inhibiting the thermal mechanism for NO formation. The EGR rate (ratio 
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between recirculated gas and total inlet gas, in percentage) is set as a function of different engine 

variables, by means of an algorithm included in the engine mapping [5].  

Figure 6.4 left shows the instantaneous EGR rate and the coolant temperature of diesel fuel (as an 

example). From the start of the cycle until approximately the second step of the fourth urban subcycle, 

high-pressure exhaust gas recirculation (HP-EGR) is used for all tests. When the coolant temperature 

reaches 65°C, the low-pressure gas recirculation (LP-EGR), which is more effective to reduce NO 

formation than HP-EGR [9], becomes active instead [5]. The LP-EGR is activated during the whole 

extraurban subcycle, but it switches to HP-EGR when the LNT regeneration mode is active (seconds 

1073-1087). Despite LP-EGR leading to lower temperatures before turbine (since only the LP-EGR loop 

is cooled), HP-EGR is activated instead because its lower mass flow reduces the gas velocity through 

the catalyst and increases the residence time and therefore, the conversion efficiency.  

The EGR ratio is not constant along the NEDC. No EGR is active neither during accelerations nor 

during decelerations (Figure 6.4 left). Whereas the HP-EGR is active around 50% of the whole cycle, 

the LP-EGR is only used during 40%. In the rest of the cycle (during idle) no EGR is active.  

Figure 6.4 right shows a slight reduction of the EGR rate for increasing butanol content. Since the 

heating value is reduced for increasing butanol contents in the blend, more fuel is required to reach the 

same power. As the equivalence ratio remains constant (Section 6.2.2), higher amount of air is needed 

to compensate this increasing fuel consumption for butanol blends, leading to a reduction in the EGR 

required. Therefore, these results are consistent with those shown in Section 6.2.1. 

 
Figure 6.4. Instantaneous (left) and average (right) EGR rate 

6.2.4 Engine temperatures 

The instantaneous temperature upstream of the DOC along the NEDC cycle is shown in Figure 6.5 

left. High temperature peaks correspond to accelerations as a consequence of the higher instantaneous 

fuel consumption (see Section 6.2.1). The highest temperatures are reached during the LNT purge [10]. 

The similarity between temperature traces for all blends tested, suggests that any difference observed in 

the oxidation catalyst efficiency should be attributed to the exhaust gas composition, but not to the DOC 

temperature [5]. This result agrees with the study carried out by Miers et al. [11].  

Particles were reported to have a negative effect on the catalyst efficiency because they block the 

active sites making difficult the adsoption of gaseous species (CO and THC) [12]. In a study carried out 

by Fayad et al. [13] authors concluded that n-butanol blends, which prevent the soot formation due to 

the higher reactivity and diffusivity of butanol and its combustion products [14][15], allow a better 

adsorption of gaseous species into the active sites of the DOC. This better adsorption leads to a more 
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intense oxidation for increasing butanol content as can be inferred from the increased downstream 

temperatures (Figure 6.5 right) with respect to those upstream of the DOC-LNT. 

 
Figure 6.5. Temperature upstream (left) and downstream (right) of the DOC 

Figure 6.5 right shows that the temperature downstream of the DOC-LNT is softened with respect 

to that upstream. In general, the temperature profile is very similar for all the fuels tested However, the 

inserted zoom in Figure 6.5 right (from second 150 to 350) shows that when n-butanol was added into 

the fuel blend, the temperature downstream of the DOC-LNT after the third step of the first urban 

subcycle was higher for increasing butanol contents. At this instant, the DOC reaches enough 

temperature, starting the conversion of the different species.  

The peak explained above is mainly attributed to DOC activity because the LNT during the urban 

cycles is only adsorbing NO2 emissions and this has very small contribution to the downstream 

temperature [16]. Therefore, the temperature peak is higher for increasing butanol contents probably 

because the higher CO and THC emissions of these blends resulted in higher reactivity inside the 

oxidation catalyst [13]. This fact is helpful for downstream catalytic converters (DPF or NOX adsorbers), 

which require high temperature for their regeneration [17].  

Furthermore, this sudden rise in temperature (when CO and THC begin to oxidize with good 

efficiency), starts earlier in time, in other words, at low catalyst temperature for increasing butanol 

contents as shown in the zoom attached in Figure 6.5 right [16][17][18]. This effect observed during the 

NEDC (transient conditions) is in agreement with the study carried out by Fayad et. al. [13] under steady 

engine conditions. In this study, a monolith catalyst was placed in a reactor inside a furnace, where the 

temperature and the engine exhaust gas flow can be controlled by a thermocouple (located upstream of 

the catalyst) and a flow meter, respectively. In this work, authors concluded that butanol blends, 

particularly Bu20D (20% n-butanol and 80% diesel fuel in volume basis) exhaust gas composition, 

promotes the DOC activity and reduce the temperature required to start the oxidation of gaseous 

emissions. This improvement results in a higher energy saving because such high temperature is not 

needed to oxidise gaseous species [13][16][18]. 

6.2.5 Combustion diagnosis 

This section shows selected results for injection delay angles and for combustion timing, which are 

useful for the interpretation of emission results. Figure 6.6 left shows the instantaneous ignition delay 

angles along the NEDC cycle. In all cases, ignition delays decrease as the engine gets hotter. This can 

be observed clearly from the start of the cycle to the shift from HP-EGR to LP-EGR (approximately the 

second step of the fourth urban subcycle). Also, ignition delays increase for LP-EGR with respect to 

HP-EGR and increase with the engine load, which mainly occurs during the extra-urban subcycle, i.e. 
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from second 780 onwards, because the ignition timing is sharply advanced for both HP-EGR and high 

loads.  

 
Figure 6.6. Instantaneous ignition delay (left) and average ignition delay and combustion duration (right) 

With regard to the effect of fuels, as observed in Figure 6.6 right, the ignition delay increases for 

increasing butanol contents [19][20]. Opposite to the higher ignition delay for butanol blends, the 

combustion duration, defined as the difference between the end of combustion (angle at which the 90% 

of heat release is achieved) and the start of combustion (angle al which 5% of the heat release is 

achieved), becomes lower for increasing butanol content. This can be explained by a two-fold effect: a) 

the higher premixed/diffusion ratio derived from the increased delay time and, b) the higher flame 

velocity of butanol, as proved in laminar flame experiments [5][21]. 

6.2.6 Engine strategy in the LNT purge 

For a better understanding of the trends observed in gaseous (see Section 6.2.7) and particle (see 

Section 6.2.8) emissions, in this section, the engine strategy followed during the LNT purge along the 

NEDC is explained in detail. 

The calibration for this engine enables only one purge during the whole cycle, which occurs during 

the extraurban subcycle when the engine was at a constant velocity of 100 km/h (from second 1066 to 

1096). The instant along the cycle for the LNT purge was choosen in the last part of the cycle to convert 

all the NOX emissions previously stored in the LNT. Since at 100 km/h the engine is working at high 

load, this contributes to increase the exhaust temperature and the LNT efficiency. Some manufacturers 

use calibrations with two LNT purges during the last two accelerations of the extraurban subcycle. These 

accelerations, both located in the extraurban subcycle, corresponds to 70-100 km/h (from second 1031 

to 1066) and to 100-120 km/h (from 1096 to 1116) [22]. The two-purge engine strategy leads to lower 

NOX emissions at the tailpipe avoiding the problem of LNT saturation, but leads to higher fuel 

consumption, higher particle emissions, higher CO and THC emissions, and promote the thermal ageing 

of the LNT. The one-purge strategy used for these tests leads to a good compromise between the LNT 

conversion and the fuel consumption [22]. 

At the LNT purge (seconds 1073-1087), in order to generate reducing conditions and reduce the 

stored NOx, rich equivalence ratios (see Section 6.2.2) which means low lambda factor and high 

concentration of reducing agents (CO and THC as show Section 6.2.7) are needed, for which some 

changes in the engine strategy must occur: 

• When the LNT purge is activated the engine strategy changes. The amount of fuel pre-injected 

(there is only one pilot injection during the LNT regeneration mode) is slightly reduced and 

advanced around 4 ±1 degrees with the objective of burning most of the fuel before post-injection 
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(consuming most of the O2 in the cylinder) to reduce the ignition delay, the premixed combustion 

phase, the temperature peaks and thus the NO formation. On the other hand, the main injection is 

delayed to 4±1 degrees after TDC to increase the expansion temperature and thus to contribute to 

NO destruction. Both actions try to avoid direct NO emissions during the purge since no NO2 

adsorption takes place at this stage. 

• The use of post-injection to consume the remaining oxygen and to generate high rate of CO, which 

is the most effective reducing agent together with H2. Such post injection occurs 52 ±3 degrees 

after TDC. The amount of fuel post-injected is 0.72±0.07 g/s for all fuels tested.  

• To reduce the air, and consequently the oxygen available in the combustion chamber, the intake air 

throttle valve is closed down to 15% during the LNT purge. 

• The LP-EGR, activated during the whole extraurban subcycle, switches to HP-EGR when the LNT 

regeneration mode is active. Despite of the LP-EGR would lead to lower temperatures before 

turbine (since only the LP-EGR loop is cooled), HP-EGR is activated instead because its lower 

mass flow reduces the gas velocity through the catalyst and increases the residence time and the 

conversion efficiency. The HP-EGR rate during the LNT purge is 13%, which is lower than the 

LP-EGR rate for the same engine conditions without purge (32%). 

The highest is the equivalence ratio in the LNT purge, the highest is the conversion efficiency in 

the LNT. However, unacceptable CO and unburnt THC in the tailpipe must be avoided. For this reason, 

the engine has a close-loop lambda control system which modifies the fuel injected in the postinjection. 

This close-loop system is based on the oxygen concentration (through the lambda sensor), the 

temperature and the EGR mass flow. The engine strategy during the LNT purge promotes an increase 

in the temperature at the LNT. In particular, for these tests, when the LNT mode is activated, the 

temperature upstream of the LNT increases from around 330°C to 450°C. 

6.2.7 Gaseous emissions downstream of the aftertreatment system 

6.2.7.1 CO and THC emissions 

In general, most of the CO (Figure 6.7 left) and THC emissions (Figure 6.7 right) downstream of 

the aftertreatment system are associated with cold-engine start conditions. In fact, around 70% of the 

final CO emissions occur at the 70 first seconds of the cycle (before the DOC reaches the temperature 

at which is really effective to oxidise these gaseous species) [12][18].  

 
Figure 6.7. CO (left) and THC (right) gaseous emissions 

Both gaseous emissions increase very significantly for increasing butanol contents with respect to 

diesel fuel, as shown in Figure 6.8. Specifically, Bu20D increases CO emissions around 135% and THC 

emissions around 273 % with respect to diesel fuel [5]. The increase in CO emissions is much higher 
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from diesel to 10% butanol than from 10% to 20% butanol [23]. These results agree with those obtained 

by different authors showing similar trends with butanol blends in cold steady tests [24] and in transient 

tests or in driving cycles [11][23]. 

 
Figure 6.8. Average CO and THC gaseous emissions  

The main reasons for such increase in both emissions for increasing butanol contents are [25][26]: 

• N-butanol is much more volatile and diffusive than diesel fuel. At the combustion chamber 

temperature conditions and with such a high injection pressure, butanol vapors are rapidly diluted 

on excess air and the flame hardly propagates towards the lean regions away from the fuel spray 

[5]. This overleaning effect has also been observed in dual-fuel diesel engines operating with 

natural gas or syngas [27].  

• The higher enthalpy of vaporization of n-butanol may contribute to such increase in CO and THC 

emissions, at least in the first part of the cycle (when the engine is still cold), because evaporation 

reduces local temperature in-cylinder temperature, thus narrowing the flammability limits and 

reducing combustion efficiency [28][29]. 

• Although this reason is more applicable to ethanol-diesel blends, the insufficient homogeneity of 

the n-butanol-diesel blends, particularly during low-load operation when the mixture is already lean 

enough, or during cold starting, causing increased leanness of the mixture in certain regions inside 

the cylinder [30]. 

6.2.7.2 NOX emissions 

High NOX peaks are observed in accelerations because high amount of fuel is injected (see Figure 

6.1) and EGR is not active during accelerations (see Figure 6.4). Exhaust gas recirculation is the most 

effective method to reduce combustion temperature and thus NO formation. The introduction of cooled 

exhaust gas into the combustion chamber results in dilution of the air-charge by replacing O2 with the 

non-reacting CO2 and H2O.  

Nitrogen oxide emissions become much more intense from the start of the extra-urban cycle for all 

fuels as a consequence of the sudden increase of load, despite the low-pressure EGR being active during 

the whole extra-urban subcycle [5]. The highest NOX peaks, both in the extraurban subcycle, correspond 

to the LNT purge (when the vehicle simulated here reached 100 km/h) and to the acceleration from 100 

km/h to 120 km/h when the load is very high. In fact, more than 60% of the total NOX emissions occurred 

in the extra-urban subcycle, in all cases. During urban subcycles, instantaneous NOX emissions decrease 

as the engine gets hotter (Figure 6.9 left) [5]. 
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Figure 6.9. Instantaneous (left) and average (right) NOX gaseous emissions 

Regarding the fuel effect, Figure 6.9 right shows that increasing butanol contents do not affect 

negatively the average NOX emissions during the whole cycle (downstream of the aftertreatment system) 

[20][23].  

Traditionally, in diesel engines with advanced injection timing (such as those previous to Euro 4) 

increases in the ignition delay for increasing butanol contents usually led to increases in premixed 

combustion and thus to higher temperature peaks and NOX emissions [28]. On the contrary, in diesel 

Euro 5 and Euro 6 engines, injection processes are, in general, much more delayed (to avoid NO 

formation) and therefore, increases in the ignition delay (as a consequence of the lower cetane number 

of butanol) does not necessarily lead to any increase in temperature peaks and NOX emissions. 

Several factors affect NOX formation, but they usually compensate each other when n-butanol 

blends are compared to diesel fuel and the engine is tested under warm conditions.  

Some factors that contribute to reduce NOX emissions when n-butanol is blended with diesel fuel 

are the high enthalpy of vaporization of n-butanol (which cools the fuel mixture before combustion [31]) 

and the the lower C/H atom ratio of n-butanol, which reduces the adiabatic flame temperature and leads 

to lower in-cylinder temperature peaks [32]. On the other side, when an engine calibrated for diesel fuel 

operates with butanol diesel blends, higher fueling is required to achieve the demanded torque/vehicle 

speed. Since acceleration position is one of the inputs of the engine calibration maps, an increase in the 

air mass flow set-point is experienced leading to a lower EGR rate (see Figure 6.4) and consequently to 

higher NOX emissions [33][34]. Furthermore, in the case of butanol blends the whole combustion timing 

is maintained with increasing butanol content, because as shown above (see Section 6.2.5), larger 

ignition delays are compensated with shorter combustion durations due to the higher flame velocity 

[5][21]. 

The competition between the factors previously explained that promote or reduce the NO formation 

depends on the engine characteristics or operating conditions [28]. 

6.2.8 Particle emissions upstream of the DPF 

Particles were sampled upstream of the DPF in all cases. Although following Regulation 692/2008 

[1], only particles with diameters larger than 23 nm should be counted, in order to extend the 

information, particles were measured within the range 5.6-560 nm. Particle number and particulate mass 

engine-out emissions are highly dependent on the engine temperature and on the oxygen concentration 

in the intake charge, which is reduced as the EGR is increased. 
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Particle number (PN) emissions, both instantaneous and accumulated, are shown in Figure 6.10. 

The highest rate of particle emissions is observed during accelerations because of the higher equivalence 

ratio. During the urban subcycles, as the engine gets hotter, the particle emission rates decrease 

substantially [5]. However, the highest particle emissions are observed during the extraurban subcycle 

because the LP-EGR, which is cooled, is activated (see Figure 6.3). 

 
Figure 6.10. Particle number emissions 

In general, it is observed that the particle number and particle mass (PM) emissions are reduced for 

increasing butanol content (specially during the extraurban subcycle where the equivalence ratio is much 

higher) due to different reasons: 

• Increasing oxygen concentration in n-butanol-diesel blends favours the soot oxidation process. Soot 

formation takes place mainly in the fuel-rich zone at high temperatures and pressures. When the 

fuel is partially oxygenated as in the case with n-butanol, the amount of local fuel-rich regions is 

reduced, and the soot formation is limited, thus decreasing PM and PN emissions [31][35]. 

• For increasing n-butanol contents, the aromatic content in the conventional diesel fuel is reduced. 

Aromatic compounds are generally considered to act as soot precursors [36]. 

 
Figure 6.11. Average particle number and mass emissions 

Figure 6.11 (left axis) shows that the highest particle number reduction is reached with blend 

Bu16D blend (around 43% with respect to diesel fuel). In Figure 6.12, particles smaller than 23 nm 

(unregulated) and higher than 23 nm (regulated) are shown separately. For increasing butanol contents, 

as shown Figure 6.12 left, the number of liquid-nucleation particles remains approximately constant up 
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to a certain n-butanol content, from which the amount of these smallest particles start to increase, 

probably as a consequence of the saturation of the specific surface area, where hydrocarbons are 

adsorbed. Two factors may contribute to such saturation: a) the highest THC concentration (and thus 

nucleation) for Bu20D, and b) the lowest formation of soot agglomerates for this blend (except in the 

first urban subcycle when the engine is still cold) [5].  

 
Figure 6.12. Particle number emissons lower than 23 nm (left) and higher than 23 nm (right) 

As shown in Figure 6.12 right and in Figure 6.13 left, Bu20D blend also shows higher accumulation 

mode than Bu16D. As mentioned above, such increase is mainly derived from the highest particle 

emissions observed for this blend during the first urban subcycle. These highest particle emissions can 

be explained, especially in blends with high butanol content, because the higher enthalpy of vaporization 

of butanol decreases the local combustion temperature thus hindering soot oxidation, especially in the 

first stages of the cycle [5]. 

The mean diameter (Figure 6.13 right) is reduced for increasing butanol contents, even for Bu20D, 

despite of the higher amount of larger particles (higher than 23 nm), in agreement with other previous 

studies [7][12]. 

 
Figure 6.13. Particle size distributions (left) and particle mean diameters (right) 

When particulate mass emissions are analysed in Figure 6.11(right axis) and in Figure 6.14 (after 

converting particle number into particle mass emissions through the particle density correlation 

proposed in [37]), two main differences can be observed with respect to particle number emissions, 

regardless the fuel used: 

• First, the contribution of the first urban subcycle (right after cold-engine start) to the mass emissions 

is smaller compared to that of the number emissions, demonstrating that much of the particles 
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generated during the first urban subcycle are liquid nanoparticles rather than soot agglomerates, as 

a consequence of the cooling effect derived from butanol evaporation [5].  

• Second, the contribution of the extra-urban subcycle to the mass emissions is even higher than in 

the case of the number emissions. Although in the NEDC cycle accelerations there is no EGR 

(Figure 6.4 left), they involve sudden increases in the equivalence ratio, which demonstrates that 

the effect of equivalence ratio on the soot formation processes is essential [5].  

 
Figure 6.14. Particle mass emissions 

Regarding fuel effect (Figure 6.11 right axis), small amounts of butanol decrease significantly the 

particle mass emissions. These reductions are even much more noticeable than in the case of particle 

number emissions. However, for high butanol contents, such decreasing trend is not so noticeable, and 

it is even reversed. In particular, the highest reduction in particle mass emissions is observed for Bu16D 

(around 62.52%). Similar maximum reduction was found in both, particle number and particle mass by 

Nabi, et al. [7]. This observation demonstrates that: 

• Increasing butanol content up to 16% leads in average to less and smaller particles, and thus to 

lower mean particle diameters. In this range of butanol contents, the increase in oxygen content and 

the decrease in aromatic content affect mainly to a reduction in soot formation.  

• For butanol contents higher than 16%, despite of the mean particle diameter still decreases, the 

marked increase in particle number leads to higher particle mass emissions. These results are in 

agreement with Choi, et al. [38].In this study Bu5D, Bu10D and Bu20D were tested and the higher 

PM reduction was highest for Bu10D (not only for total PN, but also for particles smaller than 23 

nm and for particulate matter emissions). 

Since particle emissions upstream of the DPF find the minimum at 16 % butanol content and NOX 

emissions do not increase for increasing butanol contents, this blend could be considered as an optimal 

blend to reduce the trap regeneration frequency (and the associated fuel consumption) and thus to 

enlarge the aftertreatment life-cycle [5][36].  

6.3 Summary 

From this study, the following conclusions can be obtained: 

• All n-butanol blends increased the specific fuel consumption consistently with their reduced 

heating value. These differences between fuels almost disappears in terms of energy consumption 

implying that the use of n-butanol, in general, do not lead to any decrease in the engine efficiency. 

• Since there are no significant differences in equivalence ratio between different fuels, differences 

in emissions should not be attributed to equivalence ratio in any case. 
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• The EGR rate decrease slightly for increasing butanol contents. When an engine calibrated for 

diesel fuel operates with butanol diesel blends, higher fueling is required to achieve the demanded 

torque/vehicle speed. Since acceleration position is one of the inputs of the engine calibration maps, 

an increase in the air mass flow set-point is experienced leading to a lower EGR rate. 

• The similar temperature upstream DOC for all blends tested, suggests that any difference observed 

in the oxidation catalyst efficiency should be attributed to the exhaust gas composition, but not to 

the DOC temperature. Butanol blends favour an earlier CO and THC oxidation in the catalyst, in 

other words, the oxidation starts at lower catalyst temperature. 

• The ignition delay increases, and the combustion duration decreases for increasing butanol 

contents. Therefore, the use of n-butanol in diesel blends is compatible with current engine 

calibration designed considering only diesel fuel, since combustion remains roughly centered, 

despite the low cetane number of n-butanol. 

• In the LNT purge, some engine changes such as adding a postinjection, reducing the intake air 

flowrate and activating the HP-EGR, are required in order to generate reducing conditions and to 

release and reduce the previously storaged NOX. During the purge, rich equivalence ratios (i.e. low 

lambda factor) and high concentration of reducing agents (CO and THC) are needed. 

• CO and THC gaseous emissions increase very significantly for all butanol blends. These increases 

are mainly manifest during the first urban subcycle, where the temperature of the catalyst is 

insufficient for an adequate efficiency. The increase in THC emissions is linear with the butanol 

content, whereas it is non-linear for CO emissions. The more volatile and diffusive character of 

butanol with respect to diesel fuel, together with its higher enthalpy of vaporization are responsible 

for the increases in THC and CO emissions. 

• Increasing butanol content do not increase NOX emissions as a consequence of a compensation of 

different factors. On the one side, the higher enthalpy of vaporization and the lower flame 

temperature would contribute to decrease NOX emissions. On the other side, the slightly lower EGR 

rate would contribute to increase NOX emissions. Finally, the compensation between the larger 

ignition delays and shorter combustion durations, keeps combustion similarly centered. 

• Increasing butanol content reduce particle number and particulate matter emissions upstream of the 

DPF up to 16% (volume basis) leading to less and smaller particles. For higher butanol contents, 

despite the mean particle diameter still decreases, the higher amount of particles formed, especially 

in the first subcycle, increase the particle mass emissions. 

• As butanol blends reduce particle mass significantly, higher EGR ratios could be used to reduce 

NOX, leading to a better PM/NOX trade-off. 

In summary, the increases in CO and THC emissions are largely compensated by the benefits in 

particulate matter (and number) emissions, especially for Bu16D, which would reduce the frequency of 

particulate active regeneration, and thus the extra fuel consumption, and the eventual annoyance to users, 

without increasing NOX gaseous emissions. Although Bu16D seems to be the optimal blend, this 

decision would be reconsidered after analyzing the study about startability at cold ambient conditions 

(see Chapter 7). 
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7 RESULTS FROM N-BUTANOL BLENDS IN THE CHASSIS 

DYNAMOMETER 

7.1 Introduction 

Results obtained from the Euro 6 engine following the New European Driving Cycle (NEDC) in 

Chapter 6 were confirmed in the chassis dynamometer as identical engine model and the same ECU 

calibration were used for engine tests and for vehicle tests. Apart from the initial selected blends in 

Chapter 5 (Bu10D and Bu20D), Bu13D and Bu16D were also tested in the Nissan Qashqai vehicle 

following NEDC driving cycle at two different ambient conditions (24ºC and -7ºC) to find the maximum 

butanol content that could replace winter diesel fuel at cold conditions and to evaluate possible cold start 

problems. Currently, no diesel vehicle certification tests at cold temperature are required so far. 

However, as they would be required in the future, tests at -7ºC were done with the purpose to study the 

loss in engine performance, the increase in emissions, and the expected startability problems derived 

from the very low cetane number of n-butanol [1] and the poor miscibility of n-butanol-diesel blends 

[2]. 

In NEDC tests, regulated gaseous emissions (CO, THC and NOX) were measured and analysed 

upstream and downstream of the aftertreatment system in order to study the aftertreatment conversion 

efficiency. Particle emissions were sampled upstream of the Diesel Particle Filter (DPF) because particle 

emissions downstream are not significant. Furthermore, upstream information has direct implications 

on the DPF regeneration frequency and on the trap life-cycle [3]. Some important parameters such as 

the fuel and energy consumption, the equivalence ratio, the EGR rate, the engine exhaust temperatures 

and the combustion parameters are shown first in order to further explain the emission results for butanol 

blends in the diesel vehicle under different ambient temperatures. Results from NEDC tests at warm 

ambient temperature (24ºC) were compared with certification limits proposed in the Euro 6 regulation 

[4]. Although in this section only the instantaneous and accumulated results from diesel fuel and Bu20D 

blend from NEDC tests are shown to make the result interpretation easier, instantaneous results from all 

butanol blends tested are shown in Annex AV. 

Finally, the most promising blend, among the selected blends, in terms of engine performance, 

emissions and startability was tested under a more dynamic conditions following the Worldwide 

Harmonized Light Vehicles Test Cycle (WLTC) under warm and cold ambient conditions [5]. Despite 

WLTC was the certification driving cycle designed to evaluate light-duty vehicles in a more realistic 

driving scenario from September 2017, manufacturers could still use NEDC for one year more [6]. In 

order to evaluate Bu13D blend under the WLTC procedure and compare it with limits established in the 

Euro 6 regulation [4], gaseous emissions (CO, THC and NOX) were measured downstream of the 

aftertreatment system. Particle emissions were sampled upstream of the DPF to evaluate the fuel effect 

in the engine out. Also in this case, some other relevant engine parameters such as fuel and energy 

consumption, equivalence ratio, EGR ratio, engine temperatures and combustion diagnosis are analysed 

prior to emissions results. 

In sections describing NEDC and WLTC results, the effect of ambient temperature is analysed first, 

regardless of the fuel used, and the effect of fuel is then discussed at warm and cold conditions.  

Finally, the main conclusions from NEDC and WLTC tests in the chassis dynamometer are 

summarized. 
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7.2 NEDC cycle at cold and warm temperature 

7.2.1 Specific fuel and energy consumption 

The instantaneous fuel consumption along the entire driving cycle is higher for all blends tested at 

-7˚C with respect to those at warm ambient temperature (as shown in Figure 7.1) for two reasons: a) the 

quality of the combustion process is poor as a consequence of the low combustion temperature and the 

inefficient fuel atomization and evaporation processes, b) most of the heat released is invested to heat 

the engine and to compensate the high friction losses [7]. Figure 7.1 left shows the instantaneous and 

the accumulated fuel consumption of diesel fuel and Bu20D at both ambient conditions, as an example. 

As shown in the figure, fuel consumption peaks are associated with accelerations, these peaks being 

lower as the engine temperature rises. 

At warm ambient temperature, the specific fuel consumption (defined as the fuel consumed by the 

vehicle per distance travelled) increases slightly for increasing butanol content as a consequence of the 

lower heating value of butanol (average values are shown in Figure 7.1 right). This result is in agreement 

with most of studies found in the literature [8][9]. On the contrary, at -7˚C, the specific fuel consumption 

is slightly reduced with increasing butanol content. This can be explained by the reduction of the 

combustion duration for butanol blends as a consequence of the increase in premixed combustion and 

of the higher combustion velocity during diffusion combustion (see Section 7.2.5). Furthermore, 

evaporation of the injected spray is enhanced when butanol blends are tested as a consequence of their 

higher volatility. As observed, these effects become dominant over the lower heating value at cold 

ambient conditions. 

 

Figure 7.1. Instantaneous (left) and specific (right) fuel consumption 

The specific energy consumption is the inverse of the engine efficiency and it is calculated 

multiplying the fuel consumption by its heating value. Similar to the specific fuel consumption, the 

specific energy consumption is much higher at cold conditions that at warm ambient temperature as 

shown in Figure 7.2. At 24˚C, the energy consumption remains approximately constant for all blends 

tested. On the contrary, at -7˚C the mentioned saving in energy consumption from butanol blends 

becomes noticeable. This is a relevant benefit especially in Euro 6 engines, with strategically delayed 

injection (see Section 7.2.5), even more since it takes place just when the efficiency is poorest. 
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Figure 7.2. Instantaneous (left) and specific (right) energy consumption 

7.2.2 Equivalence ratio 

The equivalence ratio is the ratio between the instantaneous fuel/air mass ratio and the 

stoichiometric fuel/air ratio and it has primary effects on emissions. The instantaneous equivalence ratio 

of diesel fuel and Bu20D (20% butanol – 80% diesel volume basis) at both ambient temperatures is 

shown in Figure 7.3 left. In general, equivalence ratios are higher in the extra-urban subcycle because 

of the high load. Although the average equivalence ratio is slightly higher at cold ambient temperature 

than at warm ambient temperature, in the extraurban subcycle the trend is reversed due to the increase 

in EGR rate, which is significantly higher at ambient conditions than at cold conditions (see section 

7.2.3). 

At the engine start, the equivalence ratio is very high because of the high amount of fuel injected. 

During accelerations, the equivalence ratio reaches almost 0.8. This parameter reaches values even 

higher than one (rich combustion) when the LNT regeneration becomes active (around second 1073) in 

order to reduce NO and NO2 gaseous emissions. These effects are observed in all tests.  

Regarding fuels, there are no significant differences in equivalence ratio between them as a 

consequence of a compensation between the fuel consumption (and thus higher absolute fuel/air ratio) 

and stoichiometric fuel/air ratio. Therefore, emission differences shown hereinafter cannot be attributed 

to equivalence ratio. 

 
Figure 7.3. Instantaneous (left) and average (right) equivalence ratio 

7.2.3 Exhaust Gas Recirculation 

The exhaust gas recirculation system recirculates part of the exhaust gas into the intake manifold 

to reduce NO formation. The EGR rate is set as a function of different engine variables, by means of an 

algorithm included in the engine mapping. The switch between HP-EGR and LP-EGR is made based on 

the ambient and coolant temperatures. 
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At warm ambient temperature, the high-pressure EGR (HP-EGR) is activated from the start of the 

cycle until approximately the second step of the fourth urban sub-cycle. From this point of the cycle, 

when the coolant temperature reaches 65°C, as shown in Figure 7.4 left, the low-pressure EGR (LP-

EGR), which is more effective to reduce NO formation [10], is activated instead. The HP-EGR is also 

activated during the NOX purge in the extraurban subcycle (seconds 1073-1087) as explained in Section 

6.2.3. 

At warm ambient temperature, the EGR rate (ratio between recirculated gas and total inlet gas, in 

percentage) increases as the engine gets hotter, and tends to stabilize at the end of the cycle (Figure 7.4 

left). There is no EGR neither during accelerations nor during decelerations (Figure 7.4 left). At warm 

ambient temperature tests, LP-EGR is active around 40% of the whole cycle whereas HP-EGR is used 

around 50%, with no EGR being active during idle. 

The EGR rate is always higher for tests at 24°C than for tests at -7°C. In fact, at cold ambient 

temperature during the whole first urban subcycle there is no EGR at all in order to avoid water 

condensation problems derived from the low temperature, as shown in Figure 7.4 right. Therefore, at 

cold ambient temperature, there is no EGR during the 25% of the cycle while the high-pressure EGR 

(HP-EGR) is active in the 75% of the cycle. At this ambient condition, LP-EGR is never active despite 

the coolant temperature reaching 65°C in order to avoid water condensation in the intake. 

Figure 7.4 right shows a slight reduction of the EGR rate for increasing butanol content, specially 

at warm ambient temperature. The lower heating value of butanol blends leads to slightly higher fuel 

consumption (Section 7.2.1). As the equivalence ratio remains almost constant at warm ambient 

temperature (Section 7.2.2), higher amount of air is needed to compensate this increasing fuel 

consumption for butanol blends, leading to a reduction in the EGR required. At cold ambient 

temperature, the EGR reduction for increasing butanol contents is lower because is partly compensated 

with the above mentioned decrease in fuel consumption. 

 
Figure 7.4. Instantaneous EGR rate for diesel fuel (left) and average EGR rate for all blends (right) 

7.2.4 Engine temperatures 

As shown in Figure 7.5, the instantaneous temperature upstream of the DOC is similar for all blends 

tested at both ambient temperatures. Therefore, any difference in the DOC efficiency is not related to 

the DOC temperature, but to the exhaust gas composition [11]. 
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Figure 7.5. Instantaneous temperature upstream of the DOC at 24°C (left) and -7°C (right) 

 
Figure 7.6. Instantaneous temperature downstream of the DOC at 24°C (left) and -7°C (right) 

Figure 7.6 shows instantaneous temperatures downstream of the DOC-LNT. Both temperatures, 

upstream and downstream of the DOC, are higher for tests at -7°C than for those at 24°C because the 

average equivalence ratio (see Section 7.2.2) is higher as a consequence of the higher amount of fuel 

injected. 

For tests at 24°C, more intense oxidation occurs for increasing butanol content, especially for 

Bu20D, as inferred from increased downstream temperatures (Figure 7.6 left) with respect to those 

measured upstream of the DOC. The downstream temperature tends to increase due to the increase in 

the amount of carbon monoxide and hydrocarbons oxidized. On the contrary, no increase in temperature 

along the DOC can be observed for tests at -7°C (Figure 7.6  right) because such increasing trend is 

compensated by much more heat transfer from the monolith to the surroundings [11]. As a detail 

example, Figure 7.6 left shows (see inserted zoom) that for increasing butanol content the sudden rise 

in temperature (when CO and THC begin to oxidize with good efficiency) starts earlier in time, in other 

words, at low catalyst temperature [12]. This effect is explained in detail in Chapter 6. 

Comparing between fuels at both ambient temperatures, the average temperature upstream of the 

DOC is slightly reduced for increasing butanol content (Figure 7.7), as a consequence of the reduction 

of the combustion duration, which leads to lower expansion temperature. The small differences between 

temperatures downstream and upstream of the DOC for tests at 24°C can be explained because of the 

low gaseous emissions emitted with diesel fuel. These differences are higher for increasing butanol 

content consistently with the higher CO and THC emissions for these blends as shown below. At -7°C 

this effect is not observed because the heat transfer for the monolith is much higher, thus hindering 

almost completely the expected temperature increase. These results at 24ºC are in agreement with those 

from Miers et al. [13] who reported that, despite the temperature upstream of the DOC was lower for 

butanol blends than for diesel fuel, the trend was reversed downstream of the aftertreatment system 
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because n-butanol enhances the DOC activity. These results are very promising for DPF and LNT 

performance which need high temperature for their regeneration. 

 
Figure 7.7. Average upstream and downstream of the DOC temperatures at both ambient temperatures 

7.2.5 Injection strategy and combustion parameters 

The injection strategy for this engine generally includes two pilot injections and the main injection. 

The average start of energizing of the first pilot injection for the whole cycle is similar for all blends 

tested at each temperature condition, as shown in Figure 7.8. 

 
Figure 7.8. First pilot injection timing (crank angle degree) at 24°C (left) and -7°C (right) 

The first pilot injection starts around -26 crank angle degree (CAD) for tests at -7°C and around -

18 CAD for tests at 24°C. In the extraurban subcycle, for tests at 24°C, the first pilot injection is delayed 

in the extraurban subcycle. On the contrary, for tests at -7°C, the first pilot injection is significantly 

advanced with respect to the rest of the driving cycle [11]. This can be explained because Euro 6 engines 

usually have delayed combustion to avoid nitric oxide formation. At cold temperature, approaching the 

start of injection close to Top Dead Center (TDC) and thus improving such a poor efficiency, becomes 

a primary target. On the contrary, this strategy is not possible at warm ambient temperature because 

NOX emissions would increase unacceptably. Nitrogen monoxide (main source of final NOX emissions), 

mainly formed through the thermal mechanism, is much more sensitive to the high temperatures and 

pressures derived from advanced combustion processes than to the sharp premixed heat release peaks 

derived from delayed combustion processes. An example of cylinder pressure, heat release and rate of 
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heat release is shown in Figure 7.9 for diesel and Bu20D blend at both temperatures (24°C at left and -

7°C at right), for a 50 km/h mode in the extraurban subcycle [11]. 

 

Figure 7.9. Cylinder pressure, heat release and rate of heat release for diesel and Bu20D blend at 24°C 

(left) and -7°C (right), for a 50 km/h mode in the extraurban subcycle 

The ignition delay (ID) angle was calculated subtracting the start of combustion (defined as the 

angle for 5% of the total apparent heat release) from the start of energizing of the first pilot injection. 

The combustion duration (CD) was determined as the difference between the end (defined as the angle 

for 90% of the total apparent heat release) and the start of combustion. 

At warm ambient temperature, the average ignition delay is lower than at cold ambient temperature, 

consistently with the strong temperature dependence of autoignition chemical kinetics. At both 

temperatures, the ignition delay time increases for increasing butanol content as shown in Figure 7.10 

left, and therefore, combustion starts later [1]. Such delaying effect of the butanol content is less 

noticeable at low temperature as a consequence of the injection being electronically advanced. 

At -7°C, the average combustion duration is larger than that at 24°C because of the higher amount 

of injected fuel and because the cold temperature slows down all the physical phenomena and chemical 

reactions involved in the combustion process. The combustion duration is shorter for increasing butanol 

content at both ambient temperatures due to the faster diffusion combustion derived from the oxygen 

content of butanol (Figure 7.9 and Figure 7.10 left). However, combustion duration is by far more 

affected by ambient temperature than by the butanol content [11]. 

 
Figure 7.10. ID and CD (left) and angles for maximum apparent heat release and maximum pressure 

gradient (right) 

Maximum pressure gradients (Figure 7.10 right) always occur before maximum rates of heat release 

(RoHR), independently of the ambient temperature or the blend tested. At warm ambient temperature, 

both, maximum pressure gradient and maximum rate of apparent heat release, occur later for increasing 

butanol content due to the longer ignition delay. However, at cold temperature, none of them is affected 

by the butanol content. This can be explained because both cold temperature and larger injection 
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processes (as a consequence of reduced heating values) compensate the combustion timing by advancing 

the start of injection. In summary, although further engine optimization could be done, the introduction 

of n-butanol in diesel blends is rather compatible with current engine calibration designed considering 

only diesel fuel, since combustion remains roughly centered, despite the low cetane number of n-

butanol. 

7.2.6 Gaseous emissions 

7.2.6.1 CO and THC emissions 

7.2.6.1.1 CO and THC emissions upstream of the aftertreatment system 

Figure 7.11 and Figure 7.12 show instantaneous (left) and specific average (right) CO and THC 

emissions upstream of the catalyst for tests at 24°C and -7°C.  

In general, CO and THC emissions in the engine output at -7ºC are higher than those at 24°C. In 

both gaseous emissions the highest difference corresponds to the first urban subcycle because at -7ºC 

more heat release is invested to heat the engine and the mean equivalence ratio is higher (see Figure 

7.3), thus increasing the occurrence of rich regions where total oxidation is not completed [11]. Along 

the cycle, as the engine warms up, CO and THC emissions are reduced (Figure 7.11 left and Figure 7.12 

left). In the extraurban subcycle CO and THC emissions at 24ºC become higher than those at -7ºC. The 

delayed start of the injection in the extraurban subcycle with respect to that of urban subcycles at warm 

ambient temperature leads to delay the combustion and, consequently, the amount of CO and THC 

oxidized is reduced as shown in Figure 7.11 left and Figure 7.12 left. However, in this region, the start 

of injection is advanced at cold ambient temperature and the start of combustion occurs even before 

TDC, which facilitates the complete CO and THC oxidation. In the extraurban subcycle, LP-EGR is 

active for tests at 24°C, while HP-EGR is active for tests at -7°C. Despite the recirculated gas being 

cleaner when LP-EGR is active (since the gas passes through the DOC, which does not occur in the case 

of HP-EGR), the higher gas flowrate when LP-EGR is not benefitial for unburned hydrocarbons and 

carbon monoxide emissions. This effect was discussed in detail in Lapuerta et al. [10] and it is in 

agreement with Park et al. [14]. 

CO and THC peaks are mainly observed during accelerations because more fuel is injected and 

higher equivalence ratios are reached, deriving in more incomplete combustion. Figure 7.11 left and 

Figure 7.12 left show an emission peak associated with the LNT regeneration event (seconds 1073-

1087) because at this time, the engine strategy provides (through rich equivalence ratios) CO and THC 

more than enough to reduce NOX in the LNT as detailed in Section 3.3.2.3. Other emission peak 

corresponding to acceleration from 100 km/h to 120 km/h is observed from second 1096 to second 1116.  

Comparing between fuels, both gaseous emissions upstream of the catalyst increase for increasing 

butanol content (despite the higher oxygen content) along the cycle for two main reasons: i) the higher 

enthalpy of vaporization of butanol which contributes to increase these emissions specially in the first 

part of the cycle (when the engine is still cold) [9] and ii) as n-butanol is much more volatile and diffusive 

than diesel fuel, butanol vapors are diluted faster on excess air at the combustion chamber and the flame 

is then propagated towards the lean regions far from the fuel spray, where misfiring may occur [11]. 

These factors are detailed in Chapter 6. In the total cycle, CO emissions from Bu20D are 49% higher 

than that for diesel for tests at 24°C and around 43% for tests at -7°C whereas THC emissions from 

Bu20D are 58% higher than that for diesel for tests at 24°C and around 66% for tests at -7°C. The largest 

differences are reached in the first urban subcycle. 
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Figure 7.11. Instantaneous CO emissions upstream of the aftertreatment system for diesel and Bu20D 

(left) and average CO emissions for all blends (right) 

 
Figure 7.12. Instantaneous THC emissions upstream of the aftertreatment system for diesel and Bu20D 

(left) and average THC emissions for all blends (right) 

7.2.6.1.2 CO and THC emissions downstream of the aftertreatment system 

Figure 7.13 and Figure 7.14 show CO and THC emissions downstream of the aftertreatment system 

at warm and cold ambient temperature.  

 
Figure 7.13. Instantaneous CO emissions downstream of the aftertreatment system for diesel and Bu20D 

(left) and average CO emissions for all blends (right) 
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Figure 7.14. Instantaneous THC emissions downstream of the aftertreatment system for diesel and Bu20D 

(left) and average THC emissions for all blends (right) 

CO and THC emissions at -7ºC are much higher than those at 24ºC because at low temperature the 

DOC needs more time to reach the adequate temperature for an efficient operation. In fact, at both 

ambient conditions, most CO and THC emissions are emitted in the first urban subcycle because 

equivalence ratios are high and the DOC temperature is under the light-off temperature. In the second 

urban subcycle (from second 195) the partial CO and THC oxidation observed in Figure 7.13 left and 

Figure 7.14 left is consistent with Section 7.2.4 where small differences in temperature were observed 

in the comparison between upstream (see Figure 7.5) and downstream (see Figure 7.6) of the DOC. For 

this reason, in this region, some peaks are observed for Bu20D blends. In these tests, from second 275 

onwards, the DOC is able to oxidise most CO and THC emissions at both ambient conditions. At this 

point, the temperature upstream of the DOC is around 130°C for tests at 24°C and even higher (around 

145°C) for tests at -7°C. 

In general, at both ambient temperatures, CO and THC emissions downstream of the aftertreatment 

system increase for increasing butanol blend. Some studies from literature also reported an increase in 

both, CO and THC emissions for butanol blends with respect to diesel fuel under steady [15][16] and 

transient (NEDC) [17] conditions. However, others studies reported that THC increase but CO decrease 

with butanol blends under steady [18] and transient (NEDC) [19] conditions.  

All blends tested at warm ambient temperature fulfil the CO limit (0.5 g/km) established in the 

Euro 6 standard [4]. 

7.2.6.1.3 CO and THC conversion efficiency 

CO and THC conversion efficiency was calculated subtracting emissions downstream of the 

aftertreatment system to those upstream and dividing by upstream emissions. CO and THC conversion 

efficiency is lower for tests at cold ambient temperature than for those at warm ambient temperature, 

especially in the first urban subcycle as shown Figure 7.15 and Figure 7.16 [20]. 

In general, CO and THC conversion efficiency along the cycle is affected by several factors: i) the 

increasing temperature upstream of the DOC, ii) the different CO and THC concentration in the engine-

out (during accelerations, the equivalence ratio increases and consequently CO and THC concentrations 

increase too), iii) competition between CO and THC to reach the active sites of the catalyst, and iv) the 
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275. However, from second 275 onwards, the DOC is able to oxidise almost completely all the CO and 
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Therefore, for this period of time, the temperature upstream of the DOC is the predominant factor. In 

fact, when DOC has reached the light-off temperature, the CO conversion efficiency is approximately 
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THC conversion efficiency only reaches around 90%. This is probably due to incomplete conversion of 

some long chain hydrocarbons derived from their reduced diffusivity to reach the active sites of the 

catalyst. Furthermore, other short chain saturated hydrocarbons such as methane are not expected to be 

oxidised [12][21][22]. The previously mentioned CO and THC peaks at second 1073 are consequence 

of the rich equivalence ratios reached during LNT purge. As explained in Chapter 3, CO and H2 are 

more efficient to reduce NOX than THC emissions. 

Since CO and THC emissions upstream of the aftertreatment system are higher for butanol blends, 

the competition between CO and THC emissions to reach the catalyst active sites makes oxidation more 

difficult because the oxygen accessibility to the active sites of the catalyst is lower, thus slowing down 

the oxidation process. [23][24]. This effect occurs at both ambient conditions. 

 
Figure 7.15. Instantaneous CO conversion efficiency of the aftertreatment system for diesel and Bu20D 

(left) and average CO conversion efficiency for all blends (right) 

 
Figure 7.16. Instantaneous THC conversion efficiency of the aftertreatment system for diesel and Bu20D 

(left) and average THC conversion efficiency for all blends (right) 

7.2.6.2 NOX emissions 

7.2.6.2.1 NOX emissions upstream of the aftertreatment system 

As shown in Figure 7.17, nitrogen oxide emissions (NOX) upstream of the aftertreatment system 

are higher for tests at -7°C than for tests at 24°C for four reasons [11]. First, when the vehicle is working 

at low temperature, only the High Pressure Exhaust Gas Recirculation (HP-EGR) is active (during the 

whole NEDC except the first urban subcycle, see Figure 7.4), whereas the Low Pressure Exhaust Gas 

Recirculation (LP-EGR) is not active at any moment. Since the LP-EGR (with lower temperature in the 

recirculated stream) is not active, the local temperatures increase and consequently, the NOX emissions 

increase [10]. Second, the EGR rate is always lower (even nil during the first urban subcycle) at -7°C 

that at 24°C. Third, under low-temperature conditions, the injection is notably advanced (around 3-4 

crank angle degrees, as shown in Figure 7.8 right), thus increasing maximum cylinder pressure and 

temperature (see Figure 7.9). Fourth, under low-temperature conditions, the amount of fuel injected is 
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higher to overcome thermal and friction losses, and this also contributes to higher NO formation. This 

increasing NOX emission trend with decreasing temperature is in agreement with other recent studies on 

Euro 6 vehicles working with diesel fuel [25]. 

At both ambient conditions, emissions per unit time increase during the extra urban subcycle due 

to the increase of fuel injected as shown in Figure 7.17 left. Higher NOX peaks are observed in 

accelerations because higher amount of fuel is injected while EGR is not active [11]. The highest NOX 

peaks, both in the extraurban subcycle, correspond to the LNT purge (from second 1073 to 1087) and 

to the acceleration from 100 km/h to 120 km/h (from second 1096 to 1116) when the load is very high. 

In general, the average NOX emissions during the whole cycle are slightly reduced for increasing 

butanol contents at both ambient temperatures. This reduction reaches around 8% for tests at 24ºC and 

around 14% for tests at -7ºC, as shown Figure 7.17 right. As Euro 6 engines have more delayed 

combustion with respect to previous ones such as Euro 4 engines (with the purpose of reducing NO 

formation), even higher ignition delays for butanol blends lead to lower pressure and temperature peaks 

(see again Figure 7.9) and consequently to lower NOX emissions. The main differences for increasing 

butanol content are specially observed in the first urban subcycle. In this region, for tests at warm 

ambient temperature, despite the EGR rate is lower for increasing butanol contents (Figure 7.4), NOX 

emissions are reduced because the higher enthalpy of vaporization of n-butanol reduce the local 

temperature and consequently NO formation, especially when the engine is still cold. For tests at cold 

ambient temperature, since there is almost no EGR during the first urban subcycle, the reduction is even 

higher for increasing butanol contents (around 35% for Bu20D with respect to diesel fuel). 

 
Figure 7.17. Instantaneous NOX emissions upstream of the aftertreatment system for diesel and Bu20D 

(left) and average NOX emissions for all blends (right) 

7.2.6.2.2 NOX emissions downstream of the aftertreatment system 

Figure 7.18 shows NOX emissions downstream of the aftertreatment system at cold and warm 

ambient temperature. 

NOX emissions at -7ºC are higher than those at 24ºC, especially in the first stages of the NEDC 

cycle, where the temperature upstream of the aftertreatment system is much lower, thus hindering the 

oxidation of NO to NO2 and consequently the NO2 absorption in the barium catalyst of the LNT. 

Opposite to the trend observed upstream of the aftertreatment (Figure 7.17) where the emission 

peak generated during the acceleration from 100 to 120 (from second 1096 to 1116) was higher than 

that of the LNT purge (from second 1073 to 1087), NOX emissions downstream of the aftertreatment 

system (Figure 7.18) are much higher at the LNT purge than at the acceleration. During the LNT purge, 

the rich equivalence ratios avoid that all NOX emissions from the engine can be absorbed and some of 

them are directly released to the atmosphere. Furthermore, some of the stored NOX is released during 

the time lapse from the LNT purge activation to the time at which reducing conditions are reached. The 
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reduction in the oxygen partial pressure during this time lapse due to the rich conditions contribute to 

the Ba(NO3)2 instability [26][27]. This effect, together with an insufficient temperature and not enough 

concentration of reducing agents leads to the partial release of the NOX emissions previously stored. 

Furthermore, the peak corresponding to the acceleration is lower downstream of the aftertreatment 

because some the NOX molecules are again being partially absorbed despite the high temperatures 

existing at the high load.  

In general, nitrogen oxide emissions downstream of the aftertreatment system at 24ºC do not 

increase for increasing butanol content (Figure 7.18 right) [11]. On the contrary, NOX emissions at -7°C 

increase for butanol blends. These results are in agreement with those from the literature at warm 

ambient conditions. Kozak [17] and Siwale et al. [28] concluded that NOX emissions for butanol blends 

remained constant with respect to diesel fuel although some other studies observed slight increases [19] 

and decreases [29]. 

All blends tested at warm ambient temperature fulfil the HC+NOX limit (0.17 g/km) and the NOX 

limit (0.08 g/km) established in the Euro 6 standard [4]. 

 
Figure 7.18. Instantaneous NOX emissions downstream of the aftertreatment system for diesel and Bu20D 

(left) and average NOX emissions for all blends (right) 

7.2.6.2.3 NOX conversion efficiency 

NOX conversion efficiency was calculated subtracting NOX emissions downstream of the catalyst 

to NOX emissions upstream and dividing by upstream emissions. Although some of the NO emissions 

from the engine are oxidized to NO2 in the DOC (before LNT), since in this study only the total NOX 

emissions are analysed, it can be assumed that all the NOX conversion can be attributed to the LNT 

activity.  

Figure 7.19 shows that NOX conversion efficiency is higher for tests at warm ambient temperature 

than for those at cold ambient temperature. In general, the efficiency is reduced during accelerations 

because the NO formation upstream is higher due to the high equivalence ratio and because of the higher 

space velocity. The conversion is much lower for the LNT purge and the extraurban subcycle 

accelerations, especially at cold temperature. Ko et al. [25] also reported lower NOX conversion 

efficiency during the LNT purge at cold ambient temperature with respect to warm ambient temperature.  
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Figure 7.19. Instantaneous NOX conversion efficiency of the aftertreatment system for diesel and Bu20D 

(left) and average NOX conversion efficiency for all blends (right) 

For tests at 24°C, the conversion efficiency remains approximately in the same conversion range 

during the whole urban region for all fuels. In this region, the low upstream aftertreatment temperature 

and the low power demanded to the engine under urban conditions (low aerodynamic and rolling 

resistance) contribute to NO2 adsorption to dominate over NO2 reduction and thus, most of the NO 

emissions formed are stored in the LNT. However, for tests at -7°C, the conversion efficiency is 

improved along the urban region and consequently, NOX emissions downstream of the aftertreatment 

system become lower (see Figure 7.18). The NO2 absorption in the LNT is affected for three reasons: i) 

the temperature upstream of the DOC, ii) the temperature range for the LNT absorption, iii) the NOx 

emissions in the engine exhaust [27]. Since the LNT is more effective absorbing NO2 than NO, the lower 

temperature upstream of the DOC in the first stages of the NEDC cycle make the oxidation from NO to 

NO2 difficult in both, the DOC and the oxidation catalyst of the LNT. Therefore, the increase in the 

temperature upstream of the aftertreatment along the cycle contributes to the improvement in the 

conversion efficiency, especially at cold ambient tests in which the increasing temperature is even higher 

(see Figure 7.5).  

Comparing between fuels, in general, the average NOX conversion efficiency during the whole 

cycle remains constant for all fuels tested at 24°C and decrease slightly for increasing butanol blends 

tested at -7°C, as a consequence of the low storage rate during the urban subcycles. Specially during in 

the first urban subcycle, the conversion efficiency is higher for diesel fuel than for butanol blends at 

both ambient conditions. The high amount of CO and THC emitted, especially for Bu20D, probably 

slow down the NO oxidation to NO2 due to the strong competition between CO, THC and NO to access 

to the active sites of the catalyst. 

7.2.7 Particle emissions upstream of the DPF 

In this study, particle emissions were sampled upstream of the DPF in all tests. In order to complete 

the information, although following Regulation 692/2008 only particles larger than 23 nm should be 

counted [4], particles with diameters from 5.6 to 560 nm were measured in this study. 

Particle number (PN) and particulate mass (PM) engine-out (upstream of the DPF) emissions are 

highly dependent on the oxygen concentration in the intake charge, which is reduced as the EGR is 

increased. Cold-engine conditions make fuel atomization and evaporation slower, favouring soot 

formation and hindering its oxidation. This effect is especially noticeable in the first urban subcycle, 

and becomes less important as the engine gets hotter. 

Particle number and mass emissions are both higher in the first urban subcycle for tests at cold 

ambient temperature as shown in Figure 7.20 and Figure 7.21, and when the engine gets hotter the trend 

is reversed. In fact, during the extraurban subcycle particle emissions are higher for tests at warm 
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ambient temperature because the EGR rate is higher and the LP-EGR is active from the second step of 

the fourth urban sub-cycle. On the contrary, at cold ambient temperature the LP-EGR is not active at 

any moment. LP-EGR is an effective technique to suppress NO formation at the expense of enhanced 

soot formation, leading to a sharp increase in PM emissions, despite the lower temperature [10]. In 

general, from the results obtained, PM emissions are more sensitive to changes in the engine coolant 

temperature, followed by changes in the EGR rate, and followed by changes in the ambient temperature. 

In fact, when differences in engine temperature disappear (extraurban subcycle), it can be clearly 

observed that the lower EGR rates dominate over the ambient temperature, thus leading to lower PM 

emissions at -7ºC. 

 
Figure 7.20. Instantaneous particle number for diesel and Bu20D (left) and average particle number for 

all blends (right) 

 
Figure 7.21. Instantaneous particle mass for diesel and Bu20D (left) and average particle mass for all 

blends (right) 

At 24°C, in the first urban subcycle, particle number emitted from butanol blends is higher than 

that emitted by diesel fuel (Figure 7.20 right) as a consequence of higher HC nucleation. However, 

particle mass is reduced except for Bu20D (with increasing particle mass) as observed in Figure 7.21 

right. Besides Bu20D leading to higher amount of small particles (nucleation mode), this blend also 

shows higher particle mass than Bu16D derived from its higher amount of larger particles (accumulation 

mode), as shown in Figure 7.22 left. This non-linear trend with increasing butanol content is consistent 

with engine tests (see Chapter 6) [30]. 

For tests at -7°C, higher particle emissions occur during the first urban subcycle (especially particle 

number emissions) because the low engine temperature promotes HCs condensation even more than for 

tests at 24°C (Figure 7.22 right) and increase the nucleation mode. Butanol blends show a great benefit 

reducing particle mass considerably with respect to diesel fuel, especially during the extraurban 

subcycle. 
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Figure 7.22. Average particle size distributions at 24°C (left) and at -7°C (right) 

Regarding tests at 24°C, in general, particle number and particle mass are both reduced as a 

consequence of the oxygen content in the butanol molecule, as shown in Figure 7.23. Diesel fuel shows 

the highest specific particle number and mass emissions because the aromatic fraction of diesel fuel 

promotes soot formation. Butanol blends up to 16% reduce particle emissions and also their mean 

diameters, the maximum particle reduction resulting for this butanol content. However, for higher 

butanol content more particles are emitted as a consequence of the HC condensation and the higher 

accumulation mode. Kozak [17] and Armas et al. [19] also reported a significant reduction in PM for 

Bu10D and Bu16D, respectively, with respect to diesel fuel, following the NEDC cycle at warm ambient 

temperature. 

When butanol blends were tested at -7°C, in general, particle mass emissions decrease down to 

16% n-butanol content, but particle number emissions remain approximately unchanged, and therefore, 

the mean particle diameter is reduced. The maximum particle mass reduction is higher for tests at 24°C 

(around 60%) than for tests at -7°C (around 40%). 

 
Figure 7.23. Average particle number and mass emissions 

From the results obtained it can be concluded that PM emissions, despite being strongly affected 

by the butanol content, are even more sensitive to engine temperature, EGR rate and ambient 

temperature.  

7.2.8 Startability 

The startability of a fuel or a vehicle describes the ability to start the engine and to keep it under 

stable idle conditions after the start. The driveability describes the degree of smoothness and steadiness 

of acceleration of a vehicle. As shown in the instantaneous engine speed diagrams, at 24°C (Figure 7.24 
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left), the engine speed remained stable after the start with all blends. Although the amplitude of 

oscillations increased slightly with increasing butanol content, it can be concluded that at this 

temperature, all blends can be used without starting problems and without some loss of driveability [11]. 

These results are in agreement with the study carried out by Miers et al. [13]. Miers studied Bu20D and 

Bu40D blends (volume basis) in a light-duty vehicle under transient conditions at warm ambient 

temperature concluding that Bu20D could be succefully used in a diesel engine calibrated for 100% 

diesel fuel. However, the vehicle driveability decreases noticeably when Bu40D is introduced and an 

ECU recalibration would be needed for a satisfactory engine operation. 

On the contrary, at -7°C (Figure 7.24 right), only blends up to 13% were able to maintain the idle 

engine speed (which is around 15% higher than at warm conditions to guarantee the engine stabilization) 

although with some loss of driveability. When these blends were tested at cold ambient temperature, 

although the vehicle could start correctly, the idle was quite unstable before the first acceleration 

corresponding to the first urban subcycle, especially for Bu13D. In fact, this blend led to a decrease in 

the engine speed, but around 3 seconds later, the speed was recovered. When higher butanol contents 

(blends Bu16D and Bu20D) were tested at this temperature, the engine speed decrease was such that the 

engine stopped around two seconds after the start, and subsequent re-start was necessary. The poor 

miscibility of these blends at such low temperature [2], the low cetane number [1] and the high enthalpy 

of vaporization of butanol could be pointed out as the main reasons. Nevertheless, the NEDC was finally 

completed successfully, after a second or third starting attempt. 

 
Figure 7.24. Engine speed at the start at 24°C (left) and at -7°C (right) 

In summary, blends with n-butanol contents up to 13% could replace the winter diesel fuel to be 

used in diesel engines at cold temperature. However, blends with higher butanol content could present 

cold start problems at -7°C. These problems could be addressed by modifying the engine injection 

strategy (injection timing, split injection and separation between stages) during cold start [31]. 

7.3 WLTC cycle at cold and warm temperature 

7.3.1 Specific fuel and energy consumption 

In general, the instantaneous fuel consumption is higher for tests at -7ºC than for those at 24ºC. 

Similarly to NEDC tests, the poor quality of the combustion and the heat invested to heat the engine 

leads to higher fuel consumption. Since WLTC cycle is more dynamic than NEDC cycle, sharper 

accelerations, especially in the extra-high phase, lead to sharper peaks in fuel consumption, as shown in 

Figure 7.25 left. 

At 24ºC, the specific fuel consumption (Figure 7.25 right) increase slightly for Bu13D, whereas at 

-7ºC the trend is reversed as commented above for NEDC tests. 
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Figure 7.25. Instantaneous (left) and specific (right) fuel consumption 

Similarly to NEDC tests, the energy consumption is higher at -7ºC than at 24ºC. The energy 

consumption is similar at 24ºC for Bu13D blend and for diesel fuel, whereas a significant benefit is 

observed for Bu13D at -7ºC (Figure 7.26). This trend is also consistent with results from NEDC tests. 

Literature also reports similar energy consumption for butanol blends with respect to diesel fuel at warm 

ambient conditions under steady [8] conditions. 

 
Figure 7.26. Instantaneous (left) and specific (right) energy consumption 

7.3.2 Equivalence ratio 

Figure 7.27 left shows instantaneous equivalence ratio for Bu13D and diesel fuel along the WLTC 

cycle. Average equivalence ratio increases for increasing load reaching the highest in the extra-high 

phase. Consistently with the trend explained above for NEDC tests, the average equivalence ratio is 

higher at cold ambient temperature than at warm ambient temperature in low and medium phases but 

the trend is opposite in high and extra-high phases.  

In the first stages of the cycle, equivalence ratio is higher (specially at cold temperature) in order 

to compensate the poor combustion and the high friction losses. Rich equivalence ratios are reached 

during LNT regeneration. The LNT event occurs from second 1216 to second 1230 (third step of the 

high phase) when the vehicle runs between 90-95 km/h. 

In general, no significant differences are observed between fuels (Figure 7.27 right), therefore, 

emission differences are not influenced by equivalence ratio deviations. 

0

200

400

600

800

1000

1200

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0 200 400 600 800 1000 1200 1400 1600 1800

Fu
e

l c
o

n
su

m
p

ti
o

n
 (g

 a
cc

u
m

)

Fu
e

l c
o

n
su

m
p

ti
o

n
 (g

/s
)

time (s)

Diesel fuel consumption (g/s) at 24ºC

Diesel fuel consumption (g/s) at -7ºC

Bu13D fuel consumption (g/s) at 24ºC

Bu13D fuel consumption (g/s) at -7ºC

Diesel fuel consumption (g accum) at 24ºC

Diesel fuel consumption (g accum) at -7ºC

Bu13D fuel consumption (g accum) at 24ºC

Bu13D fuel consumption (g accum) at -7ºC

0

10

20

30

40

50

60

70

80

90

100

Low Medium High Extra-high Total

S
p

e
ci

fi
c 

fu
e

l c
o

n
su

m
p

ti
o

n
 (

g
/k

m
)

Diesel at 24ºC

Diesel at -7ºC

Bu13D at 24ºC

Bu13D at -7ºC

0

5

10

15

20

25

30

35

40

45

50

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0 200 400 600 800 1000 1200 1400 1600 1800

En
e

rg
y 

co
n

su
m

p
ti

o
n

 (M
J)

R
at

e
 o

f e
n

e
rg

y 
co

n
su

m
p

ti
o

n
 (M

W
)

time (s)

Diesel energy consumption (MW) at 24ºC

Diesel energy consumption (MW) at -7ºC

Bu13D energy consumption (MW) at 24ºC

Bu13D energy consumption (MW) at -7ºC

Diesel energy consumption (MJ) at 24ºC

Diesel energy consumption (MJ) at -7ºC

Bu13D energy consumption (MJ) at 24ºC

Bu13D energy consumption (MJ) at -7ºC

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Low Medium High Extra-high Total

Sp
e

ci
fi

c 
e

n
e

rg
y 

co
n

su
m

pt
io

n
 (M

J/
km

) Diesel at 24ºC

Diesel at -7ºC

Bu13D at 24ºC

Bu13D at -7ºC



 Chapter 7. Results from n-butanol blends in the chassis dynamometer 

163 

 
Figure 7.27. Instantaneous (left) and average (right) equivalence ratio 

7.3.3 Exhaust gas recirculation 

In this section the instantaneous (Figure 7.28 left) and the average (Figure 7.28 right) EGR rate for 

WLTC tests are shown. The ECU calibration used for both, NEDC and WLTC tests, was exactly the 

same. Therefore, as explained above in Section 7.2.3, HP-EGR or LP-EGR are activated depending on 

the ambient and the coolant temperatures. 

For tests at 24ºC, the HP-EGR is activated from the start of the cycle until the first step of the 

medium phase (when the coolant temperature reaches 65ºC). From this point, LP-EGR is activated 

instead except in the LNT purge. In the LNT purge (from second 1216 to 1230), although the ECU 

calibration switches from LP-EGR to HP-EGR, there is no EGR in anycase. In the NEDC cycle, there 

is EGR during LNT purge (see Section 7.2.3) because it occurs during a steady condition. On the 

contrary, the LNT purge in the WLTC cycle occurs during an acceleration period, which implies that in 

this case (differently to the LNT purge in the NEDC cycle) there is no EGR during the LNT purge, thus 

leading to high NOX emissions at this point. This coincidence of purge and acceleration demonstrates 

that the engine is calibrated specifically for NEDC but not for WLTC. It is highly recommended for 

further calibrations (specially in prevision of RDE cycles) that EGR should never be deactivated during 

LNT purge, independently of the coincidence or not with accelerations. 

The EGR rate is higher for tests at warm ambient temperature than for those at cold ambient 

temperature. At -7ºC, although there is no EGR during the first stages of the cycle to avoid water 

condensation problems, as the low phase of the WLTC is longer than the first urban driving subcycle of 

the NEDC (see Figure 7.4), the average EGR rate during this phase is not zero. In general, the EGR rate 

is slightly lower for WLTC tests than for NEDC tests as the number of acceleration periods (where EGR 

rate is zero) is much higher.  

Regarding fuels, a slight reduction in terms of EGR rate (associated with the slightly higher fuel 

consumption) is observed for Bu13D with respect to diesel fuel. 

 
Figure 7.28. Instantaneous EGR rate for diesel fuel (left) and average EGR rate for all blends (right) 
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7.3.4 Engine temperatures 

In general, instantaneous temperatures upstream of the DOC are similar for all fuels tested at both 

ambient conditions, as shown in Figure 7.29. Thus, any difference observed in the DOC efficiency 

cannot be attributed to the DOC temperature.  

Although the temperature upstream of the DOC is significantly lower at the start of the cycle for 

tests at -7ºC, the higher equivalence ratio as a consequence of the higher fuel injected leads to higher 

temperature at cold conditions from second 154 onwards. 

 
Figure 7.29. Instantaneous temperatures upstream (left) and downstream (right) of the DOC at 24ºC and -

7ºC 

Figure 7.29 right shows instantaneous temperature downstream of the DOC-LNT. Similarly to 

NEDC tests, this temperature is higher for tests at -7ºC. From second 100 to 400, slightly more intense 

oxidation occurs from Bu13D with respect to diesel fuel at 24ºC (see zoom attached) probably due to 

the increase in the amount of CO and THC oxidized. These results are in agreement with those shown 

from NEDC in Section 7.2.4 and  reported by Lapuerta et al. [11]. 

7.3.5 Injection strategy and combustion parameters 

The injection strategy used for these tests includes two pilot injections and a main injection. For 

tests at 24ºC, the first pilot injection starts at -21 cranck angle degree (CAD) for all fuels tested whereas 

for tests at -7ºC, it starts at -29 CAD. The first pilot injection for WLTC tests starts slightly advanced 

than in NEDC tests (see Figure 7.8). 

In the extra-high phase, the first pilot injection is noticeably advanced with respect to the rest of 

the cycle at both ambient conditions. At 24ºC, in this phase, the start of injection starts at -26 CAD and 

at -7ºC, it starts at -37ºC. At cold ambient temperature, the injection is significantly advanced to improve 

the combustion efficiency as explained above for NEDC tests. However, for tests at 24ºC (with expected 

good combustion efficiency) the unexpected advance in the injection (which was not observed in the 

NEDC cycle) leads to higher heat release peaks derived from premixed combustion and consequently 

to an increase in the NO formation by thermal mechanism. 
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Figure 7.30. First pilot injection timing (crank angle degree) at 24ºC and -7ºC 

The ignition delay and the combustion duration for tests at 24ºC are shorter than for tests at -7ºC. 

Autoignition chemical reactions are significantly influenced by temperature effect [1]. Similarly to 

NEDC tests, the ignition delay is higher for Bu13D than for reference diesel fuel [32] at both ambient 

conditions (Figure 7.31 left) whereas Bu13D shows lower combustion duration than diesel fuel due to 

the faster diffusion combustion from butanol. 

Maximum pressure gradients occur before maximum apparent rates of heat realease at both ambient 

conditions (Figure 7.31 right). Regarding fuels, the trend observed is similar to that described for NEDC 

cycle (Section 7.2.5). 

 
Figure 7.31. ID and CD (left) and angles for maximum apparent heat release and maximum pressure 

gradient (right) 

7.3.6 Gaseous emissions downstream of the aftertreatment system 

7.3.6.1 CO and THC emissions 

Figure 7.32 and Figure 7.33 shows instantaneous (left) and specific (right) CO and THC emissions 

at the tailpipe for WLTC tests at warm and cold ambient conditions. 
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Figure 7.32. Instantaneous (left) and average (right) CO emissions downstream of the aftertreatment 

system 

 
Figure 7.33. Instantaneous (left) and average (right) THC emissions downstream of the aftertreatmen 

system 

As explained above for NEDC tests, CO and THC gaseous emissions at cold ambient conditions 

are much higher than those at warm ambient conditions, especially in the low phase where almost all 

CO and THC emissions are directly emitted to the atmosphere. This trend is confirmed by Ko et al. [25] 

who tested a Euro 6 passenger car equipped with an LNT and DPF, following the WLTC cycle. 

Consistently with NEDC tests, CO and THC emission peaks correspond to acceleration periods. 

An isolated peak is observed in Figure 7.32 left and Figure 7.33 left around second 1216, associated 

with LNT purge. 

In general, as shown in Figure 7.32 right and Figure 7.33 right, at both ambient temperatures, CO 

and THC emissions increase for increasing n-butanol content. These results are in agreement with 

NEDC test and with those found on the literature in which increase in CO and THC are reported for 

butanol blends with respect to diesel fuel at steady [33][34] and transient conditions [13].  

As in the case of NEDC emission results, both blends tested, Bu13D and reference diesel fuel, fulfil 

at warm ambient temperature the CO limit (0.5 g/km) established in the Euro 6 standard [4]. Average 

CO emissions along the WLTC cycle are even lower than that of the NEDC cycle. The more dynamic 

transient conditions contribute to reduce the EGR, and consequenty CO and THC emissions [25]. 

7.3.6.2 NOX emissions 

Similarly to NEDC tests, nitrogen oxide emissions downstream of the aftertreatment system are 

higher for tests at -7ºC than for those at 24ºC despite the start of injection is noticeably advanced during 

the extra-high phase in WLTC tests. These results, shown in Figure 7.34, are in agreement with those 

reported by Ko et al. [25] under WLTC cycle. 

0

0.5

1

1.5

2

2.5

3

3.5

4

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 200 400 600 800 1000 1200 1400 1600 1800

C
O

 (
g 

ac
cu

m
)

C
O

 (
g/

s)

time (s)

Diesel CO (g/s) at 24ºC
Diesel CO (g/s) at -7ºC
Bu13D CO (g/s) at 24ºC
Bu13D CO (g/s) at -7ºC
Diesel CO (g accum) at 24ºC
Diesel CO (g accum) at -7ºC
Bu13D CO (g accum) at 24ºC
Bu13D CO (g accum) at -7ºC

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Low Medium High Extra-high Total

C
O

 (
g

/k
m

)

Diesel at 24ºC

Diesel at -7ºC

Bu13D at 24ºC

Bu13D at -7ºC

0

0.2

0.4

0.6

0.8

1

1.2

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0 200 400 600 800 1000 1200 1400 1600 1800

TH
C

 (
g 

ac
cu

m
)

TH
C

 (
g/

s)

time (s)

Diesel THC (g/s) at 24ºC
Diesel THC (g/s) at -7ºC
Bu13D THC (g/s) at 24ºC
Bu13D THC (g/s) at -7ºC
Diesel THC (g accum) at 24ºC
Diesel THC (g accum) at -7ºC
Bu13D THC (g accum) at 24ºC
Bu13D THC (g accum) at -7ºC

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Low Medium High Extra-high Total

T
H

C
 (

g
/k

m
)

Diesel at 24ºC

Diesel at -7ºC

Bu13D at 24ºC

Bu13D at -7ºC



 Chapter 7. Results from n-butanol blends in the chassis dynamometer 

167 

In general, the highest NOX emissions correspond to the extra-high phase where the highest load is 

reached. Higher NOX peaks are observed in accelerations because higher amount of fuel is injected while 

EGR is not active. In the high phase, a peak is observed in Figure 7.34 left. This peak is associated with 

LNT purge (from second 1216 to 1230) in which NOX emissions are directly emitted to the atmosphere 

(because rich equivalence ratios reduce NOX trapping efficiency) as commented above for NEDC tests. 

Regarding the fuel effect in the tailpipe, NOX emissions at 24ºC do not increase for increasing 

butanol content whereas they increase at -7ºC for butanol blends. These results are consistent with 

NEDC tests. Despite specific THC emissions from diesel and Bu13D (Figure 7.33 right) are much lower 

than those from NEDC [25], blends tested at warm ambient temperature following the WLTC cycle do 

not fulfil the HC+NOX limit (0.17 g/km) and the NOX limit (0.08 g/km) established in the Euro 6 

standard [4]. The specific NOX emissions at warm ambient conditions are around 0.47 g/km. The main 

reasons for the much higher NOX emissions in WLTC than in NEDC are: i) the nil EGR rate during 

accelerations has higher influence in the WLTC cycle (with higher number of accelerations) ii) in the 

WLTC cycle, during the LNT purge, the EGR rate is also zero whereas in the NEDC, as commented 

above, HP-EGR is active iii) the larger and more dynamic WLTC cycle leads to higher fuel consumption 

and consequently to higher NO formation iv) as the WLTC cycle is larger, the LNT becomes saturated 

and at specific exhaust gas temperatures the NO formed is emitted directly to the atmosphere, v) for 

tests at 24ºC (where reducing NOX emissions is a primary target) the start of injection was advanced 

during the extra-high phase leading to an increase in the NO formation vi) the location of the LNT purge 

is optimized for the NEDC cycle but not for WLTC (more LNT events would be needed to reduce the 

higher amount of NOX formed). In fact, in the study carried out by Ko et al. [25], the LNT purge was 

activated twice along the NEDC tests and five times in the WLTC test due to the larger period and more 

frequent accelerations. In this study, although NOX emissions measured on the NEDC at 23ºC fulfil the 

Euro 6 regulation [4], NOX emissions measured in the WLTC exceeded the limits proposed by Euro 6 

regulation [4]. 

  
Figure 7.34. Instantaneous (left) and average (right) NOX emissions downstream of the aftertreatment 

system 

7.3.7 Particle emissions upstream of the DPF 

Particle emissions were sampled upstream of the DPF. Particle emissions downstream of the 

aftertreatment system are not significant due to the high efficiency of particle traps (around 99%) as 

reported by Myung et al. [35]. Furthermore, engine out particle emissions have implications on the DPF 

regeneration frequency and the fuel consumption, among others. 

Despite the low load, high particle number and particle mass peaks are observed in Figure 7.35 left 

and Figure 7.36 left at the beginning of the cycle (specially at -7ºC) because cold engine conditions 

favouring soot formation and hidering its oxidation. 
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Comparing specific particle number (Figure 7.35 right) and specific particle mass (Figure 7.36 

right) in the low phase, higher particle number emissions are observed for tests at -7ºC whereas specific 

particle mass emissions are higher for tests at 24ºC. Therefore, in this phase, higher number of small 

particle are emitted for tests at -7ºC probably due to the HC nucleation. These results are in agreement 

with NEDC tests (see Figure 7.22). Since particle number emissions are higher for Bu13D than for diesel 

fuel and the particle mass are lower for Bu13D with respect to diesel fuel (specially at -7ºC) as shown 

in Figure 7.35, butanol blends are highly affected by the HC nucleation in the low phase. 

For tests at 24ºC, when HP-EGR switches to LP-EGR (from the first step of the medium phase), 

particle emissions increase significantly. In average, highest emissions correspond to the extra-high 

phase (associated with the highest load and LP-EGR). 

Regarding fuels, in average, particle number and particle mass are both reduced for Bu13D with 

respect to diesel fuel at both ambient conditions [16][36]. However, the benefit for Bu13D with respect 

to diesel fuel is lower in WLTC tests than in NEDC tests. Despite the lower reduction, results from 

WLTC tests are consistent with those from NEDC tests because highest reduction is reached for particle 

mass. 

 
Figure 7.35. Instantaneous (left) and average (right) particle number 

 
Figure 7.36. Instantaneous (left) and average (right) particle mass emissions 

7.4 Summary 

From NEDC and WLTC tests in the chassis dynamometer at warm and cold ambient temperature, 

the following conclusions can be obtained: 

• All n-butanol blends tested lead to better engine efficiency at low ambient temperature, and even 

to slightly lower specific fuel consumption with respect to diesel fuel, with no significant benefits 

at warm ambient temperature. This has been observed in both NEDC and WLTC cycles. 

• As there are no differences in equivalence ratio between fuels, emission differences cannot be 

attributed to equivalence ratio. 
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• The EGR rate is always higher for tests at 24ºC than for tests at -7ºC. The EGR rate is reduced for 

increasing butanol content, especially at warm ambient temperature. In the NEDC cycle, there is 

EGR during LNT purge because it occurs during a steady condition. On the contrary, as the LNT 

purge in the WLTC cycle occurs during an acceleration period, there is no EGR during the LNT 

purge, thus leading to high NOX emissions at this point.  In general, the EGR rate is slightly lower 

for WLTC tests than for NEDC tests as the number of acceleration periods (where EGR rate is 

zero) is much higher. 

• Upstream and downstream of the DOC, temperatures are higher for tests at -7°C than for those at 

24°C because of the higher average equivalence ratio. Since instantaneous temperature upstream 

DOC was similar for all blends tested at both ambient temperatures, any difference in the DOC 

efficiency is not related to the DOC temperature, but to the exhaust gas composition in both cycles 

(NEDC and WLTC). At 24ºC, butanol blends promote the DOC activity, in other words, CO and 

THC oxidation starts at lower catalyst temperature than with diesel fuel. 

• At 24ºC, the average ignition delay is lower than at -7ºC. At both temperatures, the ignition delay 

time increases for increasing butanol content (especially at 24ºC). The combustion duration is larger 

for tests at -7ºC than for those at 24ºC and it is shorter for increasing butanol content at both ambient 

temperatures. This trend has been observed in both NEDC and WLTC cycles. However, at 24ºC, 

differently to the NEDC cycle strategy, the first pilot injection is noticeably advanced in the extra-

high phase of the WLTC. This unexpected advance (since reducing NOX emissions is a primary 

target at 24ºC) leads to an increase in the NO formation.  

• At the engine output, in general, CO and THC emissions at -7ºC are higher than those at 24°C for 

NEDC tests. Comparing between fuels, at the engine output, both gaseous emissions increase for 

increasing butanol content due to the higher enthalpy of vaporization and the more volatile and 

diffusive character of n-butanol with respect to diesel fuel. Since the DOC is able to oxidise 

completely all the CO and THC emissions from the light-off temperature onwards, similar trends 

are observed in the tailpipe under both cycles (NEDC and WLTC). CO and THC conversion 

efficiencies are lower for tests at -7ºC than for those at 24ºC. NEDC results shows that at both 

ambient conditions, the higher CO and THC emissions upstream of the aftertreatment system for 

butanol blends reduce the conversion efficiency for increasing butanol contents because the 

competition between CO and THC emissions to reach the catalyst active sites makes oxidation 

difficult.  

Although CO emissions are lower for WLTC tests than for NEDC tests, all blends tested at warm 

ambient temperature under both NEDC and WLTC, fulfil the CO limits proposed by the Euro 6 

standard. 

• In both cycles, NEDC and WLTC, NOX emissions increase at cold temperature with respect to tests 

at warm temperature because the LP-EGR is not active along the whole cycle, the total EGR rate 

is always lower (or even nil), the injection is notably advanced and the amount of fuel injected is 

higher. Results from NEDC tests show that in the engine output, NOX emissions are reduced for 

increasing butanol content at both ambient temperatures whereas NOX emissions downstream of 

the aftertreatment system are not observed to increase at warm temperature, but they increase at 

cold temperature (in agreement with WLTC tests). The high amount of CO and THC emitted at the 

engine output for butanol blends (specially at -7ºC) slow down the NO oxidation to NO2 due to the 

strong competition between CO, THC and NO to access to the active sites of the catalyst reducing 

the storage rate during the urban subcycles and consequently the conversion efficiency.  

In NEDC tests, all blends tested at warm ambient temperature fulfil the THC+NOX limit (0.17 

g/km) and the NOX limit (0.08 g/km) established in the Euro 6 standard. However, in WLTC tests, 

despite THC emissions are much lower for WLTC than for NEDC tests, Bu13D and diesel fuel do 
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not fulfil the THC+NOX limit nor the NOX limit. The lack of EGR rate during accelerations (LNT 

purge included), the higher fuel consumption and consequently higher NO formation, the advanced 

injection during the extra-high phase at 24ºC, and the saturation of the LNT derived from a 

insufficient and non optimized location of the LNT purge along the WLTC cycle, are the main 

causes from the excessively high NOX emissions in the WLTC cycle. 

• In both NEDC and WLTC cycles, the average particle emissions are lower for tests at -7°C than 

for those at 24°C due to much lower EGR rates. Furthermore, LP-EGR is not active at any moment 

for tests at cold temperature. For tests at warm ambient temperature, particle number and particle 

mass emissions are reduced with increasing butanol content, with maximum reduction observed 

for 16% butanol content. For tests at cold ambient conditions, only particle mass emissions are 

reduced up to 16% butanol content, while particle number emissions remain approximately 

constant (or are slightly reduced in the case of WTLC). Despite butanol blends reaches the highest 

reduction for particle mass in both cycles (NEDC and WLTC), the benefit for Bu13D with respect 

to diesel fuel is lower in WLTC tests than in NEDC tests. 

• EGR has been proved to be a very powerful technique to calibrate Euro 6 engines and to re-optimize 

calibrations after any fuel replacement with biofuels such as n-butanol, since NOX and particle 

emissions are extremely sensitive to any change in EGR rate. 

• From startability and driveability analysis carried out in NEDC tests is concluded that at cold 

ambient temperature (-7°C), starting problems occurred from 13% butanol content onwards. In 

these cases, a decrease in the engine speed was observed in the first seconds leading to the engine 

stopping. Although Bu13D can start without problems at -7ºC, some loss of driveability is observed 

before the first acceleration. No starting and no driveability problems are observed at warm ambient 

temperature. 

To conclude, including n-butanol as a blending component is beneficial for both, performance and 

particulate emissions up to a certain butanol content (13%), but this content is further limited by starting 

difficulties at very low ambient temperatures. Since Bu13D reduces significantly particle emissions and 

DPF has high filtration efficiency, reducing NOX emissions becomes a primary target to improve the 

PM/NOX trade-off and to fulfil the THC+NOX limit (0.17 g/km) and the NOX limit (0.08 g/km) proposed 

by Euro 6 standard under WLTC cycle. Some options to reduce NOX emissions along the WLTC cycle 

are: i) increasing the EGR rate, ii) not removing the EGR during accelerations (specially during the LNT 

purge), iii) delaying the start of injection during the extra-high phase where good combustion efficiency 

is expected, iv) increasing the number of LNT purges to reduce the high amount of NO formed and 

optimizing its location along the WLTC cycle. Furthermore, the more reactive character of soot from n-

butanol blends allows to prioritise the NOX reduction because butanol blends could reduce the adverse 

effect of the regeneration process on fuel consumption and on filter lifetime [37].  
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8 CONCLUSIONS AND FUTURE WORKS 

8.1 Conclusions 

8.1.1 Butanol production methods 

From the review of the butanol production methods, it is concluded that among the 

different biological or chemical routes, ABE fermentation, is the most widely used. Nowadays, 

research efforts are focused on the high cost of substrates, the low butanol concentration in the 

fermentation broth and the excessive cost from downstream processing to achieve a better 

economic competitiveness of this biological pathway. 

8.1.2 Properties of n-butanol and ethanol blends 

N-butanol and ethanol blends with diesel and biodiesel fuels were characterized to get i) practical 

information for the design of transport and storage equipment, pipelines and injector systems, ii) 

knowledge of the miscibility and cold flow properties to diagnose separation events in practical blends, 

and thus to prevent from filter clogging problems and iii) information about the delay times to explain 

the autoignition behaviour of these blends in modern diesel engines and vehicles. The main conclusions 

are: 

• Pure n-butanol has lower density, lower viscosity, lower heating value, lower lubricity, lower flash 

point and much lower cetane number than diesel fuel (always used to calibrate diesel engines). 

Some of the properties of pure n-butanol do not fulfil the limits proposed in EN 590, making 

unfeasible its use in diesel engines as a pure fuel. For this reason, blending butanol with reference 

fuels (diesel or biodiesel) is necessary for a further market launch.  

• N-butanol blends have closer values to diesel fuel than ethanol blends in properties such as density, 

viscosity, heating value, flash point and cetane number. Furthermore, n-butanol blends show, in 

general, better cold flow properties than ethanol blends due to their better miscibility. 

• When alcohols are blended with biodiesel fuels rather than with diesel fuel, biodiesel-alcohol 

blends have better lubricity, miscibility and flash point performance than diesel blends. Other 

properties such as cold flow properties, in which the alcohol content would be expected to 

compensate the poor cold flow behaviour of biodiesel, only show benefits at high alcohol contents, 

which are not feasible in practice. This drawback, together with the low heating value of alcohol-

biodiesel blends with respect to alcohol-diesel-blends, makes difficult the implementation of 

alcohol blends with biodiesel fuel, specially in cold weather countries.  

• In any case, low alcohol content range is most interesting because for higher alcohol contents the 

heating value (and thus the fuel economy) and the cetane number are decreased, the latter even 

dropping below the lower limit established by the EN 590. 

• Considering that current diesel engines are calibrated for diesel fuels and that diesel fuel is the only 

fuel supplied in petrol stations for diesel engines, it can be concluded that n-butanol-diesel blends 

with low n-butanol content are the most promising options to be tested for further engine and 

vehicle tests. The optimal range selected is from 10% to 20% n-butanol content (volume basis).  

• Since the latest European directive promotes the use of biofuels, Bu10D blend represents a real 

scenario of implementation of n-butanol, and Bu20D represents a future scenario (around 2030 or 

beyond), in which higher renewable contents in diesel fuels are expected. Both selected blends 

would fulfil most of the limits proposed in EN 590 for diesel fuel. The most restrictive limits could 

be fulfilled using some cetane number improvers or using flame arresters in tanks.  
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8.1.3 Effect of n-butanol blends in the engine test bench 

Butanol blends were tested in a Euro 6 diesel engine at warm ambient temperature following the 

NEDC cycle simulated through the RLS system. From this study, carried out in the engine test bench, 

the following conclusions were obtained: 

• None of the n-butanol blends led to any decrease in the engine efficiency. 

• Differences in emissions between fuels should not be attributed to differences in equivalence ratio 

or in temperature upstream of the aftertreatment system, in any case. 

• Butanol blends favour an earlier CO and THC oxidation in the catalyst, in other words, the 

oxidation starts at slightly lower catalyst temperature. 

• The use of n-butanol blends is compatible with current engine calibration designed considering 

only diesel fuel, since combustion remains roughly centered, despite the low cetane number of n-

butanol. 

• CO and THC gaseous emissions increase very significantly for all butanol blends due to the higher 

enthalpy of vaporization and the more volatile and diffusive character of n-butanol with respect to 

diesel fuel. 

• Increasing n-butanol content does not increase NOX emissions as a consequence of a compensation 

of different factors. The higher enthalpy of vaporization and the lower flame temperature of n-

butanol would contribute to decrease NOX emissions whereas the slightly lower EGR rate would 

contribute to increase them. 

• Increasing butanol content reduce particle number and particulate matter emissions upstream of the 

DPF up to 16% (volume basis) leading to less and smaller particles. For higher butanol contents, 

despite the mean particle diameter still decreases, the higher amount of particles formed, especially 

in the first subcycle, increase particle mass emissions. 

• The increase in CO and THC emissions are largely compensated by the benefits in particulate 

matter (and number) emissions, especially for Bu16D, which would reduce the frequency of 

particulate active regeneration, and thus the extra fuel consumption, and the eventual annoyance to 

users, without increasing NOX gaseous emissions.  

• As butanol blends reduce particle mass significantly, higher EGR ratios could be used to reduce 

NOX, leading to a better PM/NOX trade-off. 

8.1.4 Effect of n-butanol blends in the chassis dynamometer 

Butanol blends were tested in a modern Euro 6 diesel vehicle under NEDC and WLTC cycles. 

From these tests, carried out in a chassis dynamometer at warm and cold ambient temperature, the 

following conclusions can be drawn: 

• In both cycles tested, NEDC and WLTC, all n-butanol blends lead to better engine efficiency at 

low ambient temperature whereas no significant benefits in efficiency are obtained at warm ambient 

temperature. 

• In general, emission differences between fuels cannot be attributed to differences in equivalence 

ratio, in EGR or temperature upstream DOC, in any case.  

• All n-butanol blends tested show higher EGR rate for tests at 24ºC than for tests at -7ºC. The EGR 

rate is reduced for increasing butanol content, especially at warm ambient temperature. In general, 

for all n-butanol blends tested, the EGR rate is slightly lower for WLTC tests than for NEDC tests 

as the number of acceleration periods (where EGR rate is zero) is much higher. 

• In both cycles (NEDC and WLTC), temperatures upstream and downstream of the DOC are higher 

for tests at -7°C than for those at 24°C for all blends tested because of the higher average 
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equivalence ratio. At 24ºC, butanol blends promote the DOC activity, in other words, CO and THC 

oxidation starts at slightly lower catalyst temperature with n-butanol blends. 

• At 24ºC, the average ignition delay and the combustion duration are lower than at -7ºC for all n-

butanol blends tested under both (NEDC and WLTC) cycles. At both ambient temperatures, the 

increase in the ignition delay observed for increasing n-butanol contents is compensated by their 

reduction in the combustion duration. This trend has been observed in both NEDC and WLTC 

cycles. Therefore, n-butanol blends can be introduced in diesel engines calibrated with diesel fuel 

in any case. 

• At the engine output, in general, CO and THC emissions at -7ºC are higher than those at 24°C for 

all n-butanol blends tested under the NEDC driving cycle. At this point, both gaseous emissions 

increase for increasing n-butanol contents. Since the DOC is able to oxidise almost completely all 

the CO and THC emissions from the light-off temperature upwards, similar trends are observed in 

the tailpipe for increasing butanol contents under both cycles (NEDC and WLTC). CO and THC 

conversion efficiencies are lower for tests at -7ºC than for those at 24ºC, being reduced for 

increasing butanol contents. Although CO emissions are lower for WLTC tests than for NEDC 

tests, all blends n-butanol blends tested at warm ambient temperature under both driving cycles, 

fulfil the CO limits proposed by the Euro 6 regulation. 

• In both cycles, NEDC and WLTC, NOX emissions increase at cold temperature with respect to tests 

at warm temperature for all n-butanol blends tested. Results from NEDC tests show that in the 

engine output, NOX emissions are reduced for increasing butanol content at both ambient 

temperatures, whereas NOX emissions downstream of the aftertreatment system are not observed 

to increase for increasing butanol content at warm temperature, but they increase at cold 

temperature (in agreement with WLTC tests). NOX conversion efficiency during the whole cycle 

remains constant for all fuels tested at 24°C and decrease slightly for n-butanol blends tested at -

7°C, as a consequence of the low storage rate during the urban subcycles. All n-butanol blends 

fulfil the THC+NOX limit and the NOX limit established in the Euro 6 standard under the NEDC 

driving cycle, but not under the WLTC. 

• In both cycles (NEDC and WLTC), the average particle emissions are lower for tests at -7°C than 

for those at 24°C for all blends tested due to much lower EGR rates and because LP-EGR is not 

active in any moment. For tests at warm ambient temperature, particle number and particle mass 

emissions are reduced for increasing butanol content, with maximum reduction observed for 16% 

butanol content. For tests at cold ambient conditions, only particle mass emissions are reduced up 

to 16% butanol content, while particle number emissions remain approximately constant (or are 

reduced slightly in the case of WTLC). Despite butanol blends reaches the highest reduction for 

particle mass in both cycles (NEDC and WLTC), the n-butanol benefit is lower in WLTC tests than 

in NEDC tests. 

• From startability and driveability analysis, it is concluded that at cold ambient temperature, starting 

problems occur from 13% butanol content onwards. Although Bu13D can start without problems 

at -7ºC, some loss of driveability is observed before the first acceleration. No starting and no 

driveability problems are observed at warm ambient temperature 

• Although CO and THC emissions increase for increasing n-butanol contents, including n-butanol 

as a blending component is beneficial for both, performance and particulate emissions up to a 

certain butanol content (13%), but this content is further limited by starting difficulties at very low 

ambient temperatures.  

• Since Bu13D reduces significantly particle emissions and DPF has high filtration efficiency, 

reducing NOX emissions becomes a primary target to improve the PM/NOX trade-off and to fulfil 

limits proposed by Euro 6 standard under WLTC cycle. Some suggestions are: i) increasing the 
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EGR rate, ii) not removing the EGR during accelerations (specially during the LNT purge), iii) 

delaying the start of injection during the extra-high phase where good combustion efficiency is 

expected, iv) increasing the number of LNT purges to reduce the high amount of NO formed and 

optimizing its location along the WLTC cycle. 

8.1.5 Methodological approach 

From transient tests (NEDC and WLTC) in the engine test bench and in the chassis dynamometer, 

some methodological conclusions were obtained, regardless some butanol content is used or not: 

• Although the NEDC procedure allows a wide range temperature for the driving test (between 20-

30°C), it was concluded that narrowing the ambient temperature range (in this study all tests at 

warm ambient temperature were carried out at 24ºC) is necessary to get more accurate information 

about the fuel effect. Otherwise, since the EGR switch from HP-EGR to LP-EGR is conditioned 

by the coolant temperature (among other parameters), any difference in the ambient temperature 

would highly affect emission results. 

• Results obtained from the engine in the engine test bench provides more accurate results about the 

trends between fuels than those obtained from vehicle tests in the chassis dynamometer, because 

tests are not subjected to uncertainties derived from human driving, but programmed in the RLS 

system. 

• Emissions from NEDC cycle in the engine test bench (simulated through the RLS system) are 

higher (specially NOX emissions) than those measured from the vehicle in the chassis 

dynamometer, for various reasons: 

- Since the RLS simulates the cycle in a more abrupt way (when the engine test bench is used) 

than a human driver (when the vehicle is used in the chassis dynamometer), accelerations lead 

to higher increases in temperature and consequently in NOX emissions due to higher equivalence 

ratio peaks in the engine tests bench. 

- In tests carried out in the engine tests bench, the gear position, which is one of the variables used 

in the engine mapping, was not used as an input in the ECU because the gearbox was not 

included in engine setup. As the engine is working during the whole cycle in the map 

corresponding to the third gear, the injection is advanced during the extraurban with respect to 

vehicle tests in the chassis dynamometer, thus leading to higher NOx emissions. 

• Emission results are conditioned by the certification procedure followed. Since both, NEDC and 

WLTC tests, were carried out using exactly the same ECU calibration, and the ECU is optimized 

specifically for NEDC but not for WLTC, NOX emissions do not fulfil the Euro 6 regulation limits 

under WLTC cycle. In WLTC tests, the unexpected behaviour of some engine parameters with 

respect to NEDC tests such as the EGR (slightly lower average EGR rate as the number of 

acceleration periods is much higher), the injection strategy (the first pilot injection is noticeably 

advanced in the extra-high phase at 24ºC) and the location of the LNT purge (occurs during an 

acceleration period leading to nil EGR rate), significantly affect vehicle emissions. 

8.2 Future works 

Some future works, derived from the present study, are suggested to improve the benefit of n-

butanol blends, to evaluate the Bu13D blend under real driving emission tests and to promote the use of 

n-butanol blends. These future studies can be carried out within the facilities described in the present 

thesis. 

• The analysis carried out in this study under NEDC and WLTC driving cycles could be extended 

measuring and analyzing upstream and downstream of the aftertreatment system the different 
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hydrocarbon species to get specific information about how these species affect the aftertreatment 

efficiency. 

• Studying the engine performance and emissions of n-butanol blends in a diesel engine with different 

aftertreatment technologies such as the Selective Catalytic Reduction (SCR) system. 

• Reoptimizing the ECU used in this study for Bu13D blend could lead to improvements in both, fuel 

consumption and emissions. In usual engine operating conditions, increasing the EGR rate or 

delaying the injection (as far as engine performance is not significantly affected), are some 

suggestions. In addition, it is suggested to advance the injection during the engine start to avoid 

starting problems. 

• Since the main problem for using higher n-butanol contents is the poor autoignition behaviour of 

n-butanol, it is suggested to replace the original fuel tank by a split fuel tank. N-butanol and diesel 

fuel would be stored independently in different holds of the split tank. In this system, both fuels, n-

butanol and diesel fuel would be mixed through a mixing valve before being injected. The n-butanol 

content in the blend could be instantaneously managed by the electronic control unit (ECU). Since 

the optimal n-butanol concentration in the blend depends on the ambient and the driving conditions, 

it is expected that higher n-butanol contents could be injected without any penalty in performance 

and emissions.  

• In order to verify the reliability of results obtained in the present study, Bu13D blend, selected in 

this thesis as the optimal blend, should be tested under real conditions following the Real Driving 

Emissions (RDE) procedure, and emissions should be measured on-board. 

• As there is still no European standard promoting the use of n-butanol in Europe, European 

companies with captive fleets should be involved to use n-butanol-diesel blends in their vehicles. 

These companies could be motivated by their environmental commitment. 

• Once the benefits of n-butanol blends have been verified in road transport experiences, the initiation 

of the standardization process of n-butanol as a fuel component should be promoted in the European 

Committee of Normalization. 
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I 

AI. SPECIFIC BIODIESEL PROPERTIES 

In Table 4.5, the properties which are common for diesel, biodiesel, ethanol and butanol are listed. 

All other specific properties of biodiesel fuel are listed in Table AI.1.  

Table AI.1. Specific properties of biodiesel 

Property Units Value Standard Limit 

Ester content  %w/w > 99 EN 14103  ≥ 96.5 

Linolenic content  %w/w 5.4 EN 14103  ≤ 12.0 

Sulfated ash %w/w <0.005 EN ISO 3987 ≤ 0.02 

Total contamination mg/kg 6.1 EN 12662  ≤ 24 

Oxidation stability 110 ºC  h >8 EN 15751 ≥ 8 

Iodine value   g de iodine/ 100 g 118.4 EN 16300 ≤ 120 

Methanol content % w/w < 0.15 EN 14110 ≤ 0.2 

Monoglycerides content  % w/w 0.26 EN 14105 ≤ 0.7 

Diglycerides content  % w/w 0.10 EN 14105 ≤ 0.2 

Triglycerides content  % w/w 0.05 EN 14105 ≤ 0.2 

Free glicerol content % w/w 0.009 EN 14105 ≤ 0.02 

Total glicerol content  % w/w 0.096 EN 14105 ≤ 0.25 

Metals Group I (Na+K)  mg/kg <1 EN 14538 ≤ 5 

Metals Group II (Ca+Mg)  mg/kg <1 EN 14538 ≤ 5 

Phosphorus content  mg/kg <2,5 EN 16294 ≤ 4 

Sulphur content  mg/kg <3 PNT-059 ≤ 10 

 

 





 

III 

AII. DENSITY, VISCOSITY, LUBRICITY AND FLASH POINT 

Results from density viscosity, lubricity and flash point tests are detailed in Table AII.1. 

Table AII.1. Density, viscosity, lubricity and flash point 

Alcohol 

cont. %v/v 

n-Butanol-Diesel Ethanol-Diesel 

Density (kg/m3) Viscosity (cSt) WSD (µm) Flash Point (°C) Density (kg/m3) Viscosity (cSt) WSD (µm) Flash Point (ºC) 

0 842.0 3.00 371 63.50 842 3.00 371 63.50 

2.5 840.0 2.81 398 41.50 - - - - 

5 838.5 2.73 401 39.50 837.5 2.75 375 14.83 

7.5 837.5 2.67 406 38.50 - - - - 

10 836.5 2.61 419 37.50 835 2.51 400 13.50 

15 835.0 2.55 430 37.50 832 2.30 398 13.50 

20 833.5 2.51 435 37.17 - - - - 

30 831.0 2.39 416 36.00 - - - - 

40 828.0 2.31 456 35.83 - 1.95 - - 

50 825.5 2.29 469 35.83 - - - - 

60 - - - - - 1.55 - - 

75 818.5 2.25 493 35.83 - - - - 

80 - - - - 801 1.21 412 13.00 

100 811.5 2.27 571 36.83 792 1.13 978 13.00 

 

Alcohol 

cont. %v/v 

n-Butanol-Biodiesel Ethanol-Biodiesel 

Density (kg/m3) Viscosity (cSt) WSD (µm) Flash Point (°C) Density (kg/m3) Viscosity (cSt) WSD (µm) Flash Point (°C) 

0 883 4.18 143 126.17 883 4.18 143 126.17 

2.5 881 3.98 169 62.17 880 3.93 184 25.50 

5 879 3.81 166 51.83 878 3.67 187 19.50 

10 875 3.58 191 45.50 873 3.42 176 15.50 

20 867.5 3.25 218 41.50 864 2.68 185 14.17 

40 854 2.75 260 38.83 846 1.90 176 13.83 

75 828.5 2.33 362 37.17 814 1.37 184 13.50 

100 811.5 2.27 571 36.83 792 1.13 978 13.00 





 

V 

AIII. COLD FLOW AND FILTERABILITY   

Results from cold filter plugging point, cloud point, pour point, freezing temperature and filter blocking tendency tests are listed in Table AIII.1. 

Table AIII.1. Cold flow and filterability 

Alcohol cont. 

%v/v 

n-Butanol-Diesel Ethanol-Diesel 

CFPP (°C) CP (°C) PP (°C) FT (°C) FBT CFPP (°C) CP (°C) PP (°C) FT (°C) FBT 

0 -20 -4.1 -21 -7.00 1.02 -20 -4.1 -21 -7.00 1.02 

2.5 -18 -3.9 -20 -6.27 1.01 - -3.6 -20 -6.75 - 

5 -18 -3.6 -20 -6.20 1.01 -18 -3.7 -20 -6.72 1.01 

7.5 -20 -3.3 -20 -6.67 - - 7.7 -20 -6.41 - 

10 -21 -3.3 -21 -6.50 1.01 -17 19.7 -21 -6.74 1.01 

15 -21 -3.0 -21 -6.32 - -15 21.8 -35 -6.86 1.01 

20 -20 -2.5 -20 -5.32 1.00 - 27.9 -41 -7.00 - 

30 -14 -1.6 -21 -4.68 - - 33.4 - -6.38 - 

40 -14 -1.0 -22 -3.94 1.00 - 32.7 -47 -6.06 - 

50 -21 -0.1 -24 -2.77 - - - - -4.85 - 

60 - - - - - - 29.2 -32 - - 

75 -27 -2 -31 -0.63 1.01 - - - - - 

80 - - - - - -5 22.7 -28 - 1.18 

95 -50 -8.4 -80 - - -18 -119.8 -74 - - 

100 <-51 -115.5 <-120.7 - 1.00 -<-51 <-120.7 <-120.7 - 1.00 

 

Alcohol cont. 

%v/v 

n-Butanol-Biodiesel Ethanol-Biodiesel 

CFPP (°C) CP (°C) PP (°C) FT (°C) FBT CFPP (°C) CP (°C) PP (°C) FT (°C) FBT 

0 -1 2.1 0 -1.70 2.35 -1 2.1 0 -1.70 2.35 

2.5 -2 1.7 -1 -2.51 1.20 -2 1.8 -1 -2.35 1.23 

5 -2 1 -1 -2.92 1.26 -2 1.3 -1 -2.71 1.18 

10 -3 0.4 -2 -3.48 1.53 -3 0.8 -2 -1.71 1.26 

20 -4 -0.7 -2 -4.18 1.35 -4 0.2 -2 -1.23 1.35 

40 -5 -2.8 -4 -5.73 1.23 -5 -0.4 -3 -1.07 1.44 

60 - - -7 - - - - - - - 

75 -9 -7.4 -62 -7.67 1.15 -6 -2.2 -7 -0.18 1.9 

90 -18 - - - - -12 - - - - 

95 -24 -21.6 -97 - - -18 -13.5 -72 - - 

100 <-51 -115.5 <-120.7 - 1.00 <-51 <-120.7 <-120.7 - 1.00 





 

VII 

AIV. DERIVED CETANE NUMBER AND AUTOIGNITION DELAY TIMES 

Results from autoignition delay tests are shown in Table AIV.1. 

Table AIV.1. Derived cetane number and autoignition delay times 

Alcohol 

cont. %v/v 

n-Butanol-Diesel Ethanol-Diesel 

DCN Relative F/A IDCF (ms) IDM (ms) DCN Relative F/A IDCF (ms) IDM (ms) 

0 52.65 0.3849 2.4435±0.0250 3.5793±0.0591 52.65 0.3849 2.4435±0.0250 3.5793±0.0591 

2.5 51.14 0.3825 2.5705±0.0318 3.7352±0.0439 - - - - 

5 49.63 0.3800 2.6551±0.0370 3.8606±0.0628 49.69 0.3782 2.5496±0.0270 3.8676±0.0619 

7.5 48.31 0.3770 2.7821±0.0351 4.0139±0.0502 - - - - 

10 46.64 0.3763 2.9747±0.0435 4.2033±0.0485 45.92 0.3701 2.8188±0.0214 4.3022±0.0533 

15 45.13 0.3696 3.1201±0.0421 4.4239±0.0610 41.34 0.3620 3.3524±0.0433 5.0943±0.0749 

20 42.98 0.3646 3.3802±0.0722 4.7710±0.1001 * * * * 

30 38.55 0.3546 4.1125±0.0599 5.8072±0.0719 * * * * 

40 34.32 0.3447 5.1513±0.0929 7.3952±0.1673 * * * * 

50 30.37 0.3347 6.4770±0.0781 9.8283±0.1714 * * * * 

65 24.59 0.3197 9.3783±0.0826 16.3214±0.1587 14.86 0.2813 34.5444±1.8453 129.2191±2.6835 

75 21.52 0.3098 13.2890±0.2779 24.8852±0.4958 ** ** ** ** 

100 15.92 0.2850 51.8662±0.6234 88.1821±1.4783 ** ** ** ** 

 

Alcohol 

cont. %v/v 

n-Butanol-Biodiesel Ethanol-Biodiesel 

DCN Relative F/A IDCF (ms) IDM (ms) DCN Relative F/A IDCF (ms) IDM (ms) 

0 52.48 0.3474 2.7100±0.0454 3.5749±0.0434 52.48 0.3474 2.7100±0.0454 3.5749±0.0434 

2.5 51.73 0.3459 2.7621±0.0408 3.6362±0.0711 50.08 0.3451 2.8990±0.0353 3.7999±0.0609 

5 51.01 0.3454 2.7967±0.0383 3.7242±0.0549 49.04 0.3428 2.9183±0.0383 3.8660±0.0497 

10 48.69 0.3413 2.9527±0.0328 3.9305±0.0539 45.93 0.3381 3.1462±0.0531 4.2318±0.0627 

15 46.81 0.3383 3.0996±0.0651 4.1284±0.0712 43.03 0.3323 3.2819±0.0457 4.5452±0.0664 

20 44.66 0.3352 3.3181±0.0461 4.4147±0.0719 39.31 0.3283 3.9276±0.0554 5.4263±0.1183 

40 36.93 0.3230 4.4182±0.738 6.2129±0.1268 27.91 0.3074 5.6654±0.0966 10.6466±0.2789 

65 27.66 0.3077 7.2659±0.0668 11.8352±0.2117 16.78 0.2719 12.2129±0.1416 57.8712±1.7465 

75 23.81 0.3005 11.1920±0.2271 20.2087±0.5163 13.51 0.2639 31.8824±0.7767 119.4245±2.1172 

100 15.92 0.2850 51.8662±0.6234 88.1821±1.4783 ** ** ** ** 

* Limited by immiscibility of components                ** Autoignition delay exceeding acquisition time window 
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AV. RESULTS FROM N-BUTANOL BLENDS IN THE CHASSIS 

DYNAMOMETER UNDER NEDC CYCLE 

In this section, the instantaneous fuel consumption, energy consumption, equivalence ratio, gaseous 

emissions and particle emissions from all butanol-diesel blends tested in the chassis dynamometer under 

NEDC cycle are shown at warm (left) and cold (right) ambient conditions. In Chapter 7, only results for 

Diesel and Bu2D were shown for clarity. 

AV.1   Specific fuel consumption 

The specific fuel consumption of all n-butanol-diesel blends at 24ºC (left) and -7ºC (right) is shown 

in Figure V.1. 

 

Figure V.1. Instantaneous fuel consumption at 24ºC (left) and -7ºC (right) 

AV.2   Specific energy consumption 

Figure V.2. shows the specific energy consumption of all butanol-diesel blends in the chassis 

dynamometer under NEDC at warm (left) and cold (right) ambient temperature. 

 

Figure V.2. Instantaneous energy consumption at 24ºC (left) and -7ºC (right) 
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AV.3   Equivalence ratio 

Equivalence ratio from butanol blends under NEDC cycle is shown in Figure V.3. 

  
Figure V.3. Instantaneous equivalence ratio at 24ºC (left) and -7ºC (right) 

AV.4   Gaseous emissions 

AV.4.1   CO and THC emissions 

AV.4.1.1   CO and THC emissions upstream of the aftertreatment system 

Figure V.4 shows instantaneous CO emissions upstream of the aftertreatment system for tests at 

warm (left) and cold (right) ambient temperature. 

  

Figure V.4. Instantaneous CO emissions upstream of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 

Figure V.5 shows instantaneous THC emissions upstream of the aftertreatment system at warm 

(left) and cold (right) ambient temperature. 

 

Figure V.5. Instantaneous THC emissions upstream of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 
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AV.4.1.2   CO and THC emissions downstream of the aftertreatment system 

CO emissions downstream of the aftertreatment system at 24ºC (left) and -7ºC (right) are shown in 

Figure V.6. 

 

Figure V.6. Instantaneous CO emissions downstream of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 

Figure V.7 shows the instantaneous THC emissions downstream of the aftertreatment system at 

warm (left) and cold (right) ambient temperature. 

  

Figure V.7. Instantaneous THC emissions downstream of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 

AV.4.1.3   CO and THC conversion efficiency 

Figure V.8. shows the instantaneous CO conversion efficiency of the aftertreatment sytem from all 

butanol blends at warm (left) and cold (right) ambient temperature. 

  

Figure V.8. Instantaneous CO conversion efficiency of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 

The instantaneous THC conversion efficiency of the aftertreatment system from all butanol blends 

under NEDC cycle at 24ºC (left) and -7ºC (right) is shown in Figure V.9. 
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Figure V.9. Instantaneous THC conversion efficiency of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 

AV.4.2   NOX emissions 

AV.4.2.1   NOX emissions upstream of the aftertreatment system 

NOX emissions upstream of the aftertreatment system from all butanol blends under NEDC at warm 

(left) and cold (right) ambient conditions are shown in Figure V.10. 

  

Figure V.10. Instantaneous NOX emissions upstream of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 

AV.4.2.2   NOX emissions downstream of the aftertreatment system 

Figure V.11 shows instantaneous NOX emissions downstream of the aftertreatment system at 24ºC 

(left) and -7ºC (right) 

 

Figure V.11. Instantaneous NOX emissions downstream of the aftertreatment system at 24ºC (left) and  

-7ºC (right) 
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AV.4.2.3   NOX conversion efficiency 

The instantaneous NOX conversion efficiency of the aftertreatment system from all butanol blends 

under NEDC cycle at 24ºC (left) and -7ºC (right) is shown in Figure V.12. 

  

Figure V.12. Instantaneous NOX conversion efficiency of the aftertreatment system at 24ºC (left) and -7ºC 

(right) 

AV.5   Particle emissions upstream of the DPF 

Figure V.13 shows the instantaneous particle number emissions from all butanol blends at warm 

(left) and cold (right) ambient temperature. 

  

Figure V.13. Instantaneous particle number emissions at 24ºC (left) and -7ºC (right) 

The instantaneous particle mass emissions from all butanol blends under NEDC cycle at 24ºC (left) 

and -7ºC (right) are shown in Figure V.14. 

 

Figure V.14. Instantaneous particle mass emissions at 24ºC (left) and -7ºC (right) 
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a b s t r a c t

Recently, there is increasing interest in using butanol as a renewable component not only for gasoline but
also for diesel fuels. This work investigates the effect of its concentration on diesel and biodiesel blends
on the autoignition time, comparatively to equivalent blends with ethanol, in a constant-volume com-
bustion chamber. The increase of alcohol content in diesel or biodiesel, led to an increase in autoignition
times. Such increase was not linear but sharper for high alcohol contents, and was higher with ethanol
than with butanol. For butanol blends, the increase in delay time was very similar when diesel or bio-
diesel were used. The maximum pressure during combustion decreases as the alcohol content was
increased, especially in the case of ethanol, as a consequence of energy, chemical and dilution effects.
However, for low ethanol or butanol concentrations, some increases in the pressure peaks were observed
by a combination of compensating effects: increase in the amount of premixed combustion and increase
in the flame speed. For 10% v/v alcohol blends in diesel or biodiesel, the delay times decreased as both the
initial pressure and the initial temperature were increased, the latter effect being slightly higher with
biodiesel compared to diesel.

© 2016 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The continued depletion of oil reserves, the fluctuating but net
increase in fuel prices, the new policies promoting the use of
advanced biofuels and the increasingly harder restrictions on
emissions for vehicle engines, have led researchers to seek new
forms of energy that reduce the dependence of fossil fuels. In this
sense, new fuels from waste or lignocellulosic materials or alter-
native production techniques appear to be able to reduce life-cycle
greenhouse emissions and thus to contribute to restrain global
warming.

Diesel fuels can be blended with bioalcohols as a means to
introduce a renewable fraction and to provide certain oxygen
content. This renewable fraction could be additional to that already
included in many diesel fuels with some biodiesel content, as it is
usual in many countries. Some studies, performed in different
setups and under different conditions, have reported reductions in

emissions of particulate matter and carbon monoxide when diesel
engines operate with ethanol and butanol blends [1e4], although
not unanimous trends have been reported in nitrogen oxides and
unburned hydrocarbons especially at low loads [3,5e8]. The hy-
droxyl group of the alcohol molecule contributes to reduce soot
formation and consequently particulate emissions, even more than
other functional groups with similar oxygen content [9e13].
Among the alcohols to be used in diesel blends, ethanol and butanol
have proved to have a significant potential to reduce life-cycle
greenhouse gas emissions, as far as they can be produced from
biological processes. Specifically, butanol can be produced from
variousmethods, amongwhich acetobutylicum fermentation (ABE)
has superior interest, as far as the bio-acetone obtained as co-
product is valued as such [14]. Ndaba et al. [15] suggest that
some chemical conversion routes are preferable to the conven-
tional ABE process, because the reaction proceeds more quickly
compared to the fermentation route and fewer steps are required to
produce n-butanol. Zheng et al. [16] made a review on the latest
advances in butanol fermentation particularly from the perspective
of genetic engineering and fermentation technology.* Corresponding author.
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A previous work was published about blending stability, lu-
bricity, viscosity and cold filter plugging point as the key properties
of ethanol and butanol blends (among others) with diesel fuel [17].
Additionally, among the properties affecting the combustion pro-
cess, cetane number is a limiting one. Alcohols exhibit low cetane
numbers, and therefore, only minor concentrations of these alco-
hols in the blends are recommended for use in unmodified diesel
engines. The higher cetane number of butanol with respect to
ethanol, together with its better miscibility, higher heating value
and lower hydrophilic character, suggest that n-butanol is a better
renewable component than ethanol in diesel blends [18,19], and
consequently, its maximum concentration in diesel blends could be
increased with respect to that recommended for ethanol.

Cetane number of a fuel is defined as the concentration of n-
hexadecane in heptamethylnonane providing the same auto-
ignition delay as that of the fuel. However, blends of these reference
fuels do not provide autoignition times proportional to their con-
centrations. Similarly, blends of alcohols with diesel or biodiesel
blends are not expected to provide autoignition times proportional
to their composition. Instead, the most reactive components (those
with shorter autoignition times) contribute to shorten the auto-
ignition time more that the least reactive ones to enlarge it [20].
Therefore, experimental autoignition studies with these blends are
necessary to evaluate their autoignition behavior.

Other studies have been previously published reporting auto-
ignition results from alcohol blends in diesel or biodiesel fuels, or
surrogates, in constant-volume combustion chambers, but far from
modern diesel-like injection conditions [21e23].

The impact of ethanol and butanol concentrations on the
autoignition time of diesel and biodiesel blends is analysed in this
study. The effects of the initial temperature and pressure, as well as
that of the equivalence ratio, are also studied for 10% alcohol blends.

2. Experimental procedure and fuels

The experiments were carried out in a Cetane ID510 by Herzog,
which is basically a constant-volume combustion chamber, equip-
ped with a common-rail diesel injector (operating at 1000 bar in-
jection pressure) and with different temperature and pressure
sensors: a dynamic pressure sensor to measure the chamber
pressure, a static pressure sensor to correct the temperature offset

of the dynamic sensor, an injection pressure sensor, an inlet air
pressure sensor and two thermocouples type K for the chamber
inner wall and the cooling jacket. The experimental procedure
proposed in Ref. [24] was followed, and pressure signals were
recorded and analysed with a diagnostic model described in
Ref. [25]. Initial chamber temperature and pressure were modified
by modulating the previous heating/cooling of the combustion
chamber jacket and the inlet air pressure reduction from the air
bottles. The amount of fuel injectedwasmodifiedwith the injection
pulse width. Most of the tests were done with injection pulse of
2.5 ms, and thus with approximately equal injected volume.
Nevertheless, the exact volume injected per pulse was calibrated
for each pure fuel. In all cases, the combustion process occurred in
two stages, and therefore, two different ignition delays were
defined: the first was denoted as IDCF because it was associated to
the cool flame stage, and the second, IDM, is associated with the
main combustion. The procedure to determine these times is
described in Ref. [24].

The base fuels used for alcohol blending were diesel and bio-
diesel. Tests were made for blends of butanol and diesel (Bu-D),
ethanol and diesel (Et-D), butanol and biodiesel (Bu-B), and ethanol
and biodiesel (Et-B), at different alcohol concentrations, avoiding
the use of emulsifiers. The nomenclature includes the volume
percentage of alcohol in the blend. Thus, Et10-B refers to a blend of
ethanol with 10% and 90% biodiesel. Table 1 shows the main
properties of the four fuels used to prepare the blends. It should be
noted that, despite the large differences between most of their
properties, the derived cetane numbers are very similar for both
diesel and biodiesel fuels, which permitted to concentrate the
study on the effect of alcohols, rather than in that of the base fuels.

Diesel fuel was supplied by Repsol, and had zero oxygen con-
tent. The biodiesel fuel used was donated by Bio Oils and was
produced from soybean and palm oils. Table 2 shows the methyl
ester profile of the biodiesel fuel tested with indication of number
of carbon atoms of the acid chain (n) and number of double bonds
(db). Butanol was supplied by Green Biologics Ltd., as a member of
the Consortium of ButaNexT Project (see acknowledgements).
Finally, ethanol was donated by Abengoa Bioenergy.

Blends with 10% alcohol (ethanol or butanol) were selected to
study the effect of the initial pressure and temperature conditions
and of the equivalence ratio. This choice is based on the promotion

Table 1
Properties of the fuels used for blends.

Properties Method Diesela Biodiesela Ethanola n-Butanola

Purity (%, v/v)b ~ ~ >99.5 >99.5
Density at 15 �C (kg/m3) EN ISO 3675 842.0 883.5 792.0 811.5
Kinematic viscosity at 40 �C (cSt) EN ISO 3104 3.00 4.19 1.13 2.27
Higher heating value (MJ/kg) UNE 51123 45.77 40.19 29.67 36.11
Lower heating value (MJ/kg) UNE 51123 42.93 37.64 26.84 33.20
C (wt %) 86.74 77.08 52.14 64.86
H (wt %) 13.26 11.91 13.13 13.51
O (wt %) 0 11.00 34.73 21.62
Water content (ppm wt) EN ISO 12937 41.70 352.10 2024 1146
Molecular weight (kg/kmol) 208.20 291.26 46.07 74.12
Boiling point (�C) ASTM D86 149e385 190e340 78.37 117.4
Standard enthalpy of vaporization (kJ/kg) e 353.56c 837.33c 645.47c

H/C atomic ratio 1.83 1.85 3 2.50
Stoichiometric fuel/air ratio 1/14.51 1/12.50 1/9.01 1/11.15
CFPP (�C) EN 116 �20 �1 <-51 <-51
Lubricity (WS1.4) (mm) EN ISO 12156-1 371.45 143.30 1057 571.15
Derived cetane number ASTM D7668-14 52.65 52.48 8d 15.92

a Data measured at University of Castilla-La Mancha.
b Data provided by supplier.
c Estimated from the corresponding-state correlation proposed by Pitzer [26] with modified exponents as proposed in Ref. [27].
d Taken from Refs. [28,29].
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of use of biofuels proposed by European directives 2009/28/CE [30]
and 1513/2015/CE [31], which will lead to a scenario where trans-
port fuels will include 10% of advanced biofuels in 2020.

3. Results and discusion

3.1. Effect of alcohol content

The resulting values for IDCF and IDM and pressure peaks are
listed in Table 3 for all tests. Also, standard deviations from the 15
cycles recorded for each blend are included for all the results pre-
sented hereinafter. In all cases they are small with respect to the
variations found, proving the significance of the trends discussed.
In this table, the equivalence ratio (defined as the ratio between the
actual mass fuel/air ratio and the stoichiometric one, and denoted
as relative F/A) is also listed for each test. As expected based on the
cetane numbers, increasing the alcohol content always led to a
significant increase in both IDCF and IDM as shown in Fig. 1, where
the average pressure trace obtained from 15 individual pressure
signals are displayed for each blend. Logarithmic scale is used in the
horizontal axis for a better discrimination of pressure signals with
low alcohol contents. The trends in both ignition delays are better
observed in Fig. 2. Such an increase was not linear with the alcohol
content, but was sharper at high alcohol contents, which is in
agreement with other studies [3,9]. In the case of ethanol-diesel
blends, no experimental results were obtained from 15% to 65%
ethanol content, due to the weak miscibility of blends within this
range, where emulsifiers would be necessary at room temperature.
No tests could be done for higher ethanol contents because they
resulted in delay times higher than 120 ms, which are the
maximum data acquisition window. The result shown for Et65-D
blend was obtained after heating the mixture up to 40 �C to
reach enough miscibility.

Fig. 2c) and d) shows the same information as a) and b),
respectively, at concentrations under 25%. For butanol blends, the
increase in delay time was very similar when diesel or biodiesel
were used in the blends. For the same alcohol content, the increase
in ignition delay was always higher for ethanol than for butanol
blends, consistently with the lower cetane number of ethanol. Two
factors contribute to this trend: a) the lower carbon number of
ethanol with respect to butanol and b) the lower equivalence ratio
of the mixture of ethanol blends and air with respect to the cor-
responding butanol blends (see Table 3). If the delay time IDM is
compared for blend Et65-D and for net butanol (both with 0.28
equivalence ratio), it can be observed that the delay time for the
ethanol blend is still much larger than that for butanol, proving that
differences in equivalence ratio did not affect the observed trends

Table 2
Methyl ester profile of biodiesel.

Methyl ester Cn:db %w/w

Lauric C12:0 0.03
Myristic C14:0 0.21
Palmitic C16:0 15.62
Palmitoleic C16:1 0.11
Margaric C17:0 0.08
Margaroleic C17:1 0.04
Stearic C18:0 3.77
Oleic C18:1 26.22
Linoleic C18:2 47.26
a-linolenic C18:3 5.39
Arachidic C20:0 0.37
Gadoleic C20:1 0.25
Behenic C22:0 0.40
Lignoceric C24:0 0.16
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Table 3 (continued )

Alcohol cont. %v/v p0 (bar) T0 (�C) Inj. Duration (ms) Butanol-Diesel Ethanol-Diesel

Relative F/A IDCF (ms) IDM (ms) pMAX (bar) Relative F/A IDCF (ms) IDM (ms) pMAX (bar)

10 6 602.5 0.71 0.3763 4.3492 ± 0.0733 40.5963 ± 1.7400 0.3701 4.7971 ± 0.1532 47.6256 ± 1.9486
10 9 602.5 1.07 0.3763 3.3058 ± 0.0366 11.1459 ± 0.6504 0.3701 3.6966 ± 0.0270 14.0849 ± 0.9087
10 11 602.5 1.31 0.3763 3.1926 ± 0.0318 7.6031 ± 0.4625 0.3701 3.3751 ± 0.0425 7.9220 ± 1.3046
10 16 602.5 1.91 0.3763 2.8538 ± 0.0465 4.6135 ± 0.0881 0.3701 2.9655 ± 0.0361 5.0432 ± 0.0952

Alcohol cont. %v/v p0 (bar) T0 (�C) Inj. Duration (ms) Butanol-Biodiesel Ethanol-Biodiesel
Relative F/A IDCF (ms) IDM (ms) pMAX (bar) Relative F/A IDCF (ms) IDM (ms) pMAX (bar)

0 21 602.5 2.50 0.3474 2.7100 ± 0.0454 3.5749 ± 0.0434 39.9829 ± 0.1127 0.3474 2.7100 ± 0.0454 3.5749 ± 0.0434 39.9829 ± 0.1127
2.5 21 602.5 2.50 0.3459 2.7621 ± 0.0408 3.6362 ± 0.0711 40.0067 ± 0.0981 0.3451 2.8990 ± 0.0353 3.7999 ± 0.0609 40.0778 ± 0.0639
5 21 602.5 2.50 0.3454 2.7967 ± 0.0383 3.7242 ± 0.0549 39.9871 ± 0.1305 0.3428 2.9183 ± 0.0383 3.8660 ± 0.0497 39.8805 ± 0.1443
7.5 21 602.5 2.50
10 21 602.5 2.50 0.3413 2.9527 ± 0.0328 3.9305 ± 0.0539 40.0579 ± 0.0962 0.3381 3.1462 ± 0.0531 4.2318 ± 0.0627 39.7427 ± 0.1154
15 21 602.5 2.50 0.3383 3.0996 ± 0.0651 4.1284 ± 0.0712 40.1327 ± 0.0780 0.3323 3.2819 ± 0.0457 4.5452 ± 0.0664 39.7704 ± 0.1119
20 21 602.5 2.50 0.3352 3.3181 ± 0.0461 4.4147 ± 0.0719 40.0175 ± 0.1296 0.3283 3.9276 ± 0.0554 5.4263 ± 0.1183 39.7497 ± 0.0872
30 21 602.5 2.50
40 21 602.5 2.50 0.3230 4.4182 ± 0.738 6.2129 ± 0.1268 39.8005 ± 0.1225 0.3074 5.6654 ± 0.0966 10.6466 ± 0.2789 38.1508 ± 0.1304
50 21 602.5 2.50
65 21 602.5 2.50 0.3077 7.2659 ± 0.0668 11.8352 ± 0.2117 39.0166 ± 0.1642 0.2719 12.2129 ± 0.1416 57.8712 ± 1.7465 35.3043 ± 0.1301
75 21 602.5 2.50 0.3005 11.1920 ± 0.2271 20.2087 ± 0.5163 38.4449 ± 0.1452 0.2639 31.8824 ± 0.7767 119.4245 ± 2.1172 34.3097 ± 0.1541
100 21 602.5 2.50 0.2850 51.8662 ± 0.6234 88.1821 ± 1.4783 38.1606 ± 0.1195 b b b b

10 21 535.0 2.50 0.3150 8.5282 ± 0.1970 10.468 ± 0.2775 0.3120 8.9578 ± 0.1487 10.8891 ± 0.1919
10 21 550.0 2.50 0.3208 6.1072 ± 0.1263 7.5832 ± 0.1848 0.3178 6.2749 ± 0.1510 7.8395 ± 0.2215
10 21 570.0 2.50 0.3286 4.7904 ± 0.0766 5.9625 ± 0.1057 0.3255 4.8580 ± 0.0817 6.1251 ± 0.1320
10 21 625.0 2.50 0.3501 2.4367 ± 0.0515 3.4523 ± 0.0752 0.3468 2.5667 ± 0.0399 3.6946 ± 0.0892
10 21 650.0 2.50 0.3598 2.1500 ± 0.0235 3.1928 ± 0.0584 0.3564 2.1413 ± 0.0354 3.1900 ± 0.0689

10 6 602.5 2.50 1.1946 4.2712 ± 0.0358 10.0645 ± 0.0881 1.2475 4.2300 ± 0.0386 10.9258 ± 0.0597
10 9 602.5 2.50 0.7964 3.2031 ± 0.0249 5.8639 ± 0.0362 0.7889 3.3104 ± 0.0213 6.3398 ± 0.0538
10 11 602.5 2.50 0.6516 3.3269 ± 0.0616 5.3614 ± 0.0705 0.6805 3.4043 ± 0.0364 5.7458 ± 0.0610
10 16 602.5 2.50 0.4480 2.8324 ± 0.0324 4.2888 ± 0.0622 0.4437 2.9792 ± 0.0353 4.6936 ± 0.0355

10 6 602.5 0.71 0.3413 3.7454 ± 0.0595 22.3129 ± 2.0397 0.3381 3.8470 ± 0.0457 26.6015 ± 1.8016
10 9 602.5 1.07 0.3413 3.1873 ± 0.0328 7.4558 ± 0.5173 0.3381 3.2166 ± 0.0247 8.3689 ± 0.4020
10 11 602.5 1.31 0.3413 3.0059 ± 0.0250 6.1669 ± 0.0958 0.3381 3.0882 ± 0.0432 6.7747 ± 0.1678
10 16 602.5 1.91 0.3413 2.9117 ± 0.0190 4.0797 ± 0.0740 0.3381 2.9982 ± 0.0712 4.3610 ± 0.1053

a Limited by immiscibility of components.
b Autoignition delay exceeding acquisition time window.
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in IDM. It is also noticeable that, from a certain alcohol content
onwards, the differences between ethanol and butanol blends were
magnified when alcohols were blended with diesel fuel, whereas
they were minimized when they were blended with biodiesel fuel.
Another interesting observation is that, despite the similar cetane

numbers of diesel and biodiesel fuels, alcohols (but especially
ethanol) enlarge the delay time more when blended with diesel
than when blended with biodiesel fuel. This cannot be explained
based on the equivalence ratio, since it is higher in the case of diesel
blends. Some divergence with respect to the cetane number trend

Fig. 1. Pressure signals recorded during the combustion process for (a) butanol-diesel, (b) ethanol-diesel, (c) butanol-biodiesel and (d) ethanol-biodiesel blends at p0 ¼ 21 bar,
T0 ¼ 602.5 �C.
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was also observed in diesel engines when 15% alcohol was blended
with diesel and biodiesel fuels [32].

In general, similar trends can be observed for both IDCF and IDM

and thus, the formerwill not be presented in the following sections.
As shown in Fig. 3, the pressure peaks in the combustion

chamber were observed to decrease as the alcohol content
increased. This decrease can be explained by a three-fold effect.
First, the heat release is reduced as the alcohol content is increased
due to the reduced heating value (energy effect). This effect also
includes the cooling effect from evaporation, which is higher for
higher alcohol contents, due to their higher enthalpy of vapor-
ization (see Table 1). Second, the blend is burned under leaner
conditions since it requires less air-oxygen to react with themass of
fuel injected due to its increased bond-oxygen content (chemical
effect). Third, the gaseous fuel is more and more diluted because
the autoignition time is larger (dilution effect), thus reducing the
local equivalence ratio and making the combustion leaner. Both
chemical and dilution effects contribute to reduce the flame ve-
locity, and thus to enhance the heat transfer to the chamber walls
during combustion. All three effects (energy effect, chemical effect
and dilution effect) are more important in the case of ethanol

blends than in the case of butanol blends. However, for low ethanol
and butanol contents, some increases in the pressure peaks were
observed (up to 15% butanol content and up to 5% ethanol content).
These increases can be explained because the increase in the
amount of premixed gaseous fuel-air mixture before combustion
and the increase of the flame speed derived from the presence of
alcohols in the blends (as proved in Ref. [33]) are more significant
than the reduction in the heating value when the alcohol is added.
Further alcohol concentrations led to progressive reductions of the
pressure peaks, as a consequence of the above mentioned energy,
chemical and dilution effects.

With respect to the pressure peaks observed for pure diesel and
biodiesel fuels, the above decribed increase in pressure peaks is
more relevant for butanol than for ethanol blends probably due to
the higher heat of vaporization of ethanol (see Table 1), which re-
duces slightly the initial temperature and pressure. However, this is
contrary to the higher increase in pressure peaks found with
ethanol/biodiesel blends with respect to butanol/biodiesel blends
[23]. In the present study, the highest increases in peak pressure are
observed for n-butanol/diesel blends. For these blends, the range of
butanol contents leading to some increases in the pressure peaks is

Fig. 2. Variation of ignition delay time for cool-flame combustion, IDCF, and main combustion, IDM, with the alcohol content (butanol: or ethanol C) in the blends (p0 ¼ 21 bar,
T0 ¼ 602.5 �C).
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extended to around 38% in volume. This effect can be confirmed in
diesel engine tests, such as those carried out by Huang et al., who
tested blends of 30% butanol with diesel fuel with no biodiesel
content [34].

3.2. Effect of initial temperature

A comparison between the ignition delay times of blends Bu10-
D, Et10-D, Bu10-B and Et10-B is shown in Fig. 4. Trends for ignition

delay times are very similar for the four blends. In all cases, the
delay times decreased as the initial temperature was increased,
thus proving that there is no negative temperature coefficient in
this range of temperature at this initial pressure. Again in this case
increasing the initial temperature reduces the mass of air enclosed
in the combustion chamber thus increasing slightly the equivalence
ratio (see Table 3), which may have some contribution to the de-
creases in delay time. However, it can be noticed that for biodiesel
blends (whose ID were initially slightly higher than those for diesel
blends), when the initial temperature was increased, the reduction
of IDM was higher. This effect can be explained because at low
temperatures, the physical properties of biodiesel (higher density,
viscosity and boiling point) slow down the atomization and evap-
oration processes, which affect the mixing of the air and fuel va-
pors. This makes the contribution of the physical processes to the
autoignition delay (which is basically associated with the chemical
kinetics) more important than in the case of diesel blends.
Furthermore, as the temperature increases, the contribution of the
physical processes becomes negligible in front of the reaction
mechanisms regardless the base fuel used.

3.3. Effect of initial pressure

Fig. 5 shows (in black lines) that autoignition delay times in-
crease with decreasing initial pressure, for the same 10% blends as
in the previous study, as expected. The same trend can be observed
for all four blends, and no differences in increasing rates can be
clearly distinguished between them. In this case, differently to the
previous studies with varying alcohol content and initial temper-
ature, initial pressure variations involve significant changes in
equivalence ratios (see Table 3). Tests at 21, 16, 11 and 9 bar implied
lean mixtures, with equivalence ratios around 0.35, 0.46, 0.7 and
0.83 respectively, whereas tests at 6 bar led to rich mixtures with
equivalence ratios around 1.25. For this reason, additional tests
were made at 6, 9, 11 and 16 bar (with results shown in gray lines)
reducing the injection duration (and thus the injected fuel mass) to

Fig. 3. Pressure peaks measured during the combustion process of each blend vs
alcohol content (butanol : or ethanol C) in the blends (p0 ¼ 21 bar, T0 ¼ 602.5 �C).

Fig. 4. Variation of IDM with initial temperature of chamber for 10% alcohol (butanol
: or ethanol C) blends (p0 ¼ 21 bar).

Fig. 5. Variation of IDM with initial pressure of chamber for 10% alcohol (butanol: or
ethanol C) blends (T0 ¼ 602.5 �C).
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ensure that the equivalence ratios remained equal to those of tests
made at 21 bar (around 0.35). These additional results (see also
Table 3) permitted to evaluate the effect of the initial pressure
independently of the equivalence ratio. Ignition delay times for
equal equivalence ratios increase exponentially with decreasing
pressure, with exponents around�1.84 in the case of diesel blends,
and around �1.39 in the case of biodiesel blends, with minor effect
of the alcohol blended. These pressure exponents are not far from
other pressure exponents proposed in the literature for diesel [35]
and biodiesel [36] fuels.

Since the initial temperature in these tests was 602.5 �C, bio-
diesel blends showed shorter delay times than diesel blends,
consistently with the results discussed in the previous subsection.
In all cases (diesel and biodiesel blends with ethanol or butanol),
when the excess air (which acts as a heat absorber) is reduced or
even eliminated (black lines) ignition delays become shorter,
compensating partially the effect of the decreasing pressure.

These results, together with the above described effect of the
initial temperature imply that the initial thermodynamic condi-
tions affect differently the chemical kinetics of diesel fuels (typi-
cally composed of paraffins, naphtenes and aromatics) and
biodiesel fuels (methyl esters), despite their similar cetane
numbers. However, they have only minor effects on the kinetics of
alcohols with different carbon numbers, despite their different
cetane numbers.

4. Conclusions

The following conclusions can be drawn from the present study:

� The increase in alcohol content in diesel or biodiesel fuels al-
ways led to an increase in both IDCF and IDM. Such an increase
was sharper at high alcohol contents. This implies that weight or
volume averaging of autoignition parameters (such as cetane
number) is not an accurate method to predict the autoignition
behaviour of alcohol blends.
� The increase in the delay time with the ethanol content is more
prominent than for butanol, consistently with its lower cetane
number. However, the differences in autoignition time become
more visible when these alcohols are blended with diesel fuel
whereas they become less significant when they are blended
with biodiesel fuel (at least for high alcohol contents).
� For butanol blends, the increase in autoignition delay time is
very similar when diesel or biodiesel (with similar cetane
numbers) were used in the blends. However, some differences
appear when ethanol is blended with diesel or biodiesel fuels,
with larger delay times in the former case.
� The maximum pressure in the combustion chamber was
observed to decrease as the alcohol content was increased,
especially in the case of ethanol, as a consequence of the
reduced heating value, of the reduced equivalence ratio and of
the over-dilution caused by their large delay times.
� Some increases in the pressure peaks were observed in a narrow
range of low ethanol and butanol contents (especially in butanol
blends), probably due to a combination of effects which
compensate the above mentioned effects: increase in the
amount of premixed combustion and increase in the flame
speed derived from the presence of alcohols in the blends.
� For blends with 10% v/v alcohol and 90% diesel (or biodiesel), the
autoignition delay times decrease as the temperature increases.
This effect is slightly more prominent for biodiesel than for
diesel fuel, as a consequence of the physical properties of bio-
diesel (mainly higher viscosity and higher boiling point) which
lead to some contribution of the physical delay especially at
moderate temperatures.

� For blends with 10% v/v alcohol, the autoignition delay times
increase exponentially as the pressure is decreased (for equal
equivalence ratio). The fitting exponents are similar for both
alcohols, but higher for diesel blends than for biodiesel ones.
However, such increase is partly compensated by the increase in
equivalence ratio.
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Nomenclature

v Volume
ABE Acetone-butanol-ethanol
ID Ignition delay time
Bu Butanol
Et Ethanol
D Diesel
B Biodiesel
n Number of carbon atoms
db Number of double bonds
Relative F/A Equivalence ratio
p Pressure
t Time, duration
T Temperature
CFPP Cold Filter Plugging Point

Subscripts
CF Cool Flame stage
M Main combustion stage
0 Initial conditions
MAX Maximum
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h i g h l i g h t s

� Alcohols in diesel or biodiesel cause a strong non-linear decrease of viscosity.
� Viscosity of all butanol-diesel blends remains within a permissible range.
� Grunberg-Nissan equation fits well ethanol-biodiesel and butanol blends viscosity.
� Interaction parameters are proposed and related to polarity of the species involved.
� A 3-parameter model is needed to fit viscosity of gel-like ethanol-diesel blends.
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a b s t r a c t

Kinematic viscosities were measured for ethanol and n-butanol blends with diesel and biodiesel fuels,
showing that increasing alcohol contents contributed to a non-linear decrease in the viscosity. Only etha-
nol blends with alcohol content lower than 36% (volume basis) fulfill diesel fuel quality standard,
whereas the whole range of n-butanol blends fulfills this standard. Generalized correlations were tested
for the estimation of the viscosity of ethanol and butanol blends with diesel and biodiesel fuels in the
whole range of alcohol contents. Interaction coefficients were required for an adequate estimation due
to strong molecular interactions. Two-parameter equations did not improve, and three-parameter equa-
tions improved only slightly, the estimations with respect to the Grunberg-Nissan equation, with only
one interaction coefficient. This interaction coefficient decreases when the number of carbon atoms in
the n-alcohol molecule increases for both diesel blends and biodiesel blends because the non-polar part
of the molecule becomes dominant against the polar hydroxyl group. Original correlations were proposed
for the modeling of the interaction coefficient in alcohol-diesel and alcohol biodiesel fuels as a function of
the carbon number of the alcohol. Other n-alcohols (methanol, propanol and n-pentanol) were also tested
to extend the validity of the correlation proposed. These correlations are useful for the design of transport
equipment or pipelines in a scenario where alcohols may constitute a fuel component in diesel blends.
Also the decision on feasible blends that fulfill the narrow viscosity ranges set by fuel standards (to avoid
loss of vehicle operability) will benefit from the proposed correlations.
� 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Oxygenated fuels such as alcohols are recognized as an effective
way to reduce soot emissions and to improve the combustion pro-
cess [1,2]. Among the alcohols, ethanol has been suggested as one
of the most promising blending components for diesel fuel. How-
ever, the higher viscosity of butanol with respect to ethanol,
together with its higher heating value, better miscibility and lower

hydrophilic nature, suggest that n-butanol is a better renewable
component than ethanol in diesel blends.

Alcohols have been widely used in chemical and petroleum
industries. Therefore, accurate and reliable knowledge of their vis-
cosity is required for the design of transport equipment or pipeli-
nes [3]. In a diesel engine, the liquid fuel is sprayed into
compressed air and atomized into small droplets near the nozzle
exit. The viscosity affects the atomization of a fuel when it is
injected into the combustion chamber, the size of the fuel droplets,
the formation of engine emissions and deposits [4,5] and the
lubricity of the fuel [6].
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Fuels with high viscosity tend to form larger droplets in the
injection which leads to a poor fuel atomization that increases
the spray tip penetration and decreases the spray angle, deriving
into a poor combustion. This finally increases the exhaust emis-
sions and smoke opacity, and tends to form engine deposits [7].
Moreover, long-term durability problems may be related to the
use of high viscosity fuels, and carbon deposits may dilute in the
engine lubricant leading to engine damage. Also, high-viscosity
fuels require more energy in the fuel pump and increase wear in
the injection system [8]. At low temperature, filter plugging prob-
lems may occur because the viscosity increases with decreasing
temperature [9]. On the contrary, fuels with excessively low vis-
cosity may not provide sufficient lubrication for the injection sys-
tem leading to greater pump and injector leakage, reducing
maximum fuel delivery, and thus decreasing power output [7].
The addition of alcohol (ethanol or butanol) to diesel reduces fuel
viscosity. However, it can be compensated by adding biodiesel,
which is likely to yield the viscosity close to that of diesel fuel [10].

Generalized correlations for the prediction of the viscosity of liq-
uid mixtures are needed for the design of combustion equipment. If
the viscosity of hydrocarbon blends is to be predicted, the interac-
tion between components can usually be considered as negligible.
In these cases, it can be assumed that the viscosity is additive and
it can be modeled through ideal additivity. In the case of biodiesel
fuels, small interaction coefficients have been used to account for
the interactions between methyl esters [11] and the same occurs
for diesel-biodiesel blends [4,12,13]. However, for alcohol blends
with diesel and biodiesel fuels, species interact strongly between
them and interaction parameters obtained from experimental data
are needed to correct the ideal model [14]. For this reason, in this
study, the viscosity of butanol and ethanol blends with diesel and
biodiesel fuels have been measured and modeled using the correla-
tions proposed by Arrhenius [15], Kendall-Monroe [16], Bingham
[17], Grunberg-Nissan [18] and McAllister [19]. Other n-alcohols
were also tested to propose a correlation for the interaction coeffi-
cient of the Grunberg-Nissan equation.

2. Experimental procedure and fuels

2.1. Fuel properties and blends

The main characteristics of pure alcohols and reference fuels
(diesel and biodiesel) are shown in Table 1.

Diesel fuel used for this study was supplied by Repsol (Madrid,
Spain) and it follows the European standard EN 590 [27]. It has no
oxygen content and its main properties fall in the range of most of
the diesel fuels supplied by petrol stations in Europe in winter. The
biodiesel fuel was donated by Bio Oils (Huelva, Spain). It was pro-
duced from soybean oil (around 80%) and palm oil (around 20%)
and it fulfills the European standard EN 14214 [28]. The methyl
ester profile of the biodiesel fuel tested is shown in Table 2. Its
saturated-ester content amounts 20.64%, which is not far from an
average saturation content of biodiesel fuels used in Europe and

the iodine number amounts 119 which is slightly below the upper
limit established in standard EN 14214 [28]. In this table the num-
ber of carbon atoms of the acid chain (n) and the number of double
bonds (db) is indicated. Although both diesel and biodiesel fuels, as
any other commercial fuel, are batch-dependent, they were
selected to represent the typical winter diesel and biodiesel fuels
used in Europe to be further blended in order to comply with the
renewable energy targets in European transport. Butanol was sup-
plied by Green Biologics Ltd., as a member of the Consortium of
ButaNexT Project (see aknowledgements) and methanol, ethanol,
propanol and pentanol were purchased from PanReac AppliChem.
All the properties were measured in the authors’ laboratory except
purities (for alcohols) and mono-, di- and triglycerides, and glyc-
erol contents (for the biodiesel fuel), which were measured by
the supplying companies.

For this study, blends with diesel and biodiesel as reference
fuels have been tested. Diesel blends with alcohol (ethanol or
n-butanol) at 2.5%, 5%, 7.5%, 10%, 15%, 20%, 30%, 40%, 50%, 75%
(volume basis), and biodiesel blends with alcohol (ethanol or n-
butanol) at 2.5%, 5%, 10%, 20%, 40% and 75% (volume basis) were
tested. Most of the blends were defined with low alcohol content
because the low cetane number of high alcohol-content blends is
unfeasible in diesel engines. No stabilizing additives were used in
any of the blends. The use of additives would be expected to mod-
ify the viscosity trends observed hereinafter as far as they improve
the miscibility of the blends.

Furthermore, to obtain an equation for modeling the viscosity of
alcohol-biodiesel blends, additional biodiesel blends with other n-
alcohols (methanol, propanol and n-pentanol) at 2.5%, 5%, 10%,
20%, 40%, 75%, 90% and 95% (volume basis) were tested.

2.2. Equipment

The kinematic viscosity of the blends was measured at 40 �C fol-
lowing the EN ISO 3104 standard. Every experiment was replicated
twice, and the standard desviation was ±0.008 cSt. Cannon-Fenske
viscosimeters were used in order to measure the kinematic viscos-
ity of blends. The temperature was maintained at 40 �C, according
to standard EN ISO 3104, for all samples using a thermostatted
bath Tamson TV 2000 purchased from Fisher Scientific.

2.3. Equations for viscosity modeling

The equations used for modeling the viscosity of the liquid mix-
tures tested are summarized in Table 3, where xi, zi, qi and ti are
the mole fraction, volume fraction, density and kinematic viscosity,
respectively, of component i (i = 1 or 2) in the binary blends.

Linear, Arrhenius, Kendall-Monroe and Bingham equations pre-
dict the viscosity of binary mixtures without using any adjustable
parameter. Linear equation is the application of the Kay’s mixing
rule (i.e., mole fraction average) to the dynamic viscosity. Arrhe-
nius equation is a logarithmic-scale average of the dynamic vis-
cosities. Kendall-Monroe equation estimates the viscosity as a

Nomenclature

m absolute viscosity
B biodiesel
Bu butanol
D diesel
db number of double bonds
Et ethanol
G interaction coefficient for Grunberg-Nissan equation

M molecular weight
n number of carbon atoms
v kinematic viscosity
v’ interaction coefficient for McAllister equations
x mole fraction
z volume fraction
q liquid density
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cubic average of the dynamic viscosities. Finally, Bingham pro-
posed an inverse mixing law. Differently to the mentioned mixing
rules, Grunberg-Nissan equation uses one interaction parameter to
estimate changes in the dynamic viscosity of binary liquid mix-
tures caused by molecular interactions.

The McAllister viscosity equation used for liquid mixtures is
based on Eyring’s theory of absolute reaction rates. McAllister’s
three-body interaction model is applicable for liquid mixtures in
which two different types of molecules interact between them in
one plane. This type of interactions is simulated in the model with
an equation including two interaction parameters. However, if the
two types of molecules in the blend are different in size (radius) by
more than a factor of 1.5 (as it is the case of the blends studied
here), considering more complex equations may become neces-
sary. With this aim, the four-body interaction model from McAllis-
ter was also tested. This model uses three interaction parameters
and considers multiple molecular interactions, not simply in a
plane but in a three-dimensional space.

3. Results and discussion

3.1. Experimental results

As shown in Fig. 1, viscosity values decrease when alcohol con-
tent increases in all cases. The reduction is more significant for
alcohols with shorter carbon chain (ethanol). This decreasing trend
is not linear with respect to the volumetric, mass or molar content.

Table 1
Properties of the fuels used for blends.

Properties Method Diesel Biodiesel Methanol Ethanol Propanol Butanol Pentanol

Purity (%, v/v) – – 99.8 99.5 99.5 99.5 98
Density at 15 �C (kg/m3) EN ISO 3675 842.0 883.5 791.3 792.0 803.7 811.5 814.8
Kinematic viscosity at 40 �C (cSt) EN ISO 3104 3.00 4.19 0.58 1.13 1.74 2.27 2.89
Gross heating value (MJ/kg) UNE 51123 45.77 40.19 22.31 29.67 33.52 36.11 37.60
Lower heating value (MJ/kg) UNE 51123 42.93 37.64 19.58 26.84 30.63 33.20 34.65
C (wt%) 86.74 77.08 37.48 52.14 59.96 64.86 68.13
H (wt%) 13.26 11.91 12.58 13.13 13.42 13.51 13.72
O (wt%) 0 11.00 49.93 34.73 26.62 21.62 18.15
Water content (mg/kg) EN ISO 12937 41.70 352.10 1382 2024 309 1146 2970
Molecular weight (kg/kmol) 208.20 291.26 32.04 46.07 60.09 74.12 88.15
Boiling point (�C) ASTM D86 149–385 190–340 64.7 78.37 97.1 117.4 137.9
Freezing point (�C) �97.7 �114.1 �126.2 �89.8 �78.9
Standard enthalpy of vaporization (kJ/kg) 353.56a 1237.96a 943.78a 748.28a 619.82a 542.35a

Stoichiometric fuel/air ratio 1/14.51 1/12.50 1/6.47 1/9.01 1/10.35 1/11.15 1/11.77
CFPP (�C) EN 116 �20 �1
Cloud Point (�C) EN 23015 �4.3 1.9
Pour Point (�C) ASTM D97 �21 0
Lubricity (WS1.4) (mm) EN ISO 12156–1 371 143 1100 966 624 529 670.5
Filterability ASTM D2068 1.02 2.35 1.00 1.00
Derived cetane number ASTM D7668-14 52.65 52.48 5b 8c 12d 15.92 18.2e

Mono/di/triglyceride content (% m/m) EN 14105 0.26/0.10/0.05
Free/total glycerol content (% m/m) EN 14105 0.009/0.096

a Estimated from the corresponding-state correlation proposed by Pitzer [20] with modified exponents as proposed in [21];
b taken from references [22,23];
c taken from references [24,25];
d taken from reference [25];
e taken from reference [26].

Table 3
Viscosity modeling equations.

Model Ref Equation

Linear t ¼ x1m1q1þx2m2q2
z1q1þz2q2

Arrhenius (1887) [12] t ¼ 10½x1 logðq1 m1 Þþx2 logðq2 m2 Þ�
z1q1þz2q2

Kendall-Monroe (1917) [13] t ¼ ðx1ðm1q1Þ1=3þx2ðm2q2Þ1=3Þ
3

ðz1q1þz2q2Þ
Bingham (1914) [14] t�1 ¼ ðz1q1 þ z2q2Þ x1

q1m1
þ x2

q2m2

� �

Grunberg-Nissan (1949) [15] t ¼ expðx1 lnq1m1þx2 lnq2m2þx1x2G12Þ
z1q1þz2q2

MacAllister-3B (1960) [16] lnðtÞ ¼ x31lnm1 þ 3x21x2lnm12 þ 3x1x22lnm21 þ x32lnm2 � ln x1 þ x2
M2
M1

h i
þ 3x21x2 ln

2
3þ M2

3M1

h i
þ 3x1x22 ln

1
3þ 2M2

3M1

h i
þ x32 ln

M2
M1

h i

MacAllister-4B (1960) [16] lnðtÞ ¼ x41lnm1 þ 4x31x2lnm1112 þ 6x21x
2
2lnm1122 þ 4x1x32lnm2221 þ x42lnm2 � ln x1 þ x2

M2
M1

h i
þ 4x31x2 ln

3
4þ M2

4M1

h i
þ

6x21x
2
2 ln

1
2þ M2

3M1

h i
þ 4x1x32 ln

1
4þ 3M2

4M1

h i
þ x42 ln

M2
M1

h i

Table 2
Methyl ester profile of biodiesel.

Methyl ester Cn:db %w/w

Lauric C12:0 0.03
Myristic C14:0 0.21
Palmitic C16:0 15.62
Palmitoleic C16:1 0.11
Margaric C17:0 0.08
Margaroleic C17:1 0.04
Stearic C18:0 3.77
Oleic C18:1 26.22
Linoleic C18:2 47.26
a-linolenic C18:3 5.39
Arachidic C20:0 0.37
Gadoleic C20:1 0.25
Behenic C22:0 0.40
Lignoceric C24:0 0.16

334 M. Lapuerta et al. / Fuel 199 (2017) 332–338



In the case of ethanol-diesel blends with ethanol contents from
15% up to 80%, the viscosity is affected by their poor miscibility,
which leads to a gel formation, thus increasing viscosity close to
the values of ethanol-biodiesel blends with the same ethanol con-
tent range.

According to the diesel fuel standard (EN 590) [27], requiring
viscosity values higher than 2 cSt, only ethanol blends with alcohol
content lower than 36% (volume basis) fulfill this requirement.
However, the whole range of butanol blends fulfills this standard
(see horizontal dashed line in Fig. 1). In some cases, due to the
interaction between alcohol and diesel, some synergistic effects
are observed. In fact, diesel blends with high butanol content have
lower viscosity values than pure butanol [29].

The use of biodiesel as base fuel increases the viscosity values of
the blends, consistently with the higher viscosity of biodiesel,

which has been reported to increase in a non-linear manner with
the biodiesel content in biodiesel-diesel blends [12,30].

3.2. Modeling results

3.2.1. Comparison of equations
Optimal modeling for different equations has been obtained

with MS Excel Solver. Linear equation models the mixture viscosity
weighting with mole fraction. As observed in Fig. 2, where volume
fraction is represented instead, this fit is weak, which proves that
the viscosity trend is not linear with the molar content.

Other models such as Arrhenius, Bingham and Kendall-Monroe
were used to quantitatively analyse the interactions and to model
viscosity [31]. However, since these equations have no interaction
parameters, they do not predict accurately the viscosity of binary
blends [32].

Among the correlations used for predicting the viscosity of the
blends tested, the Grunberg-Nissan equation for binary blends
showed an accurate fit for butanol-diesel, butanol-biodiesel and
ethanol-biodiesel blends. Nevertheless, the fit is not good enough
for ethanol-diesel blends because the formation of a gelatinous
phase, as a consequence of the weak miscibility between 15%
and 80% of ethanol, hinders the internal mobility of the fluid, thus
disrupting the expected trend.

As experimental data shows large deviation from ideal behavior
for ethanol-diesel blends, other equations with a larger number of
interaction parameters such as the three-body correlation pro-
posed by McAllister should be used [19,33]. The three-body inter-
action model from McAllister has two interaction parameters.
Despite the additional parameter, the fit achieved for ethanol-
diesel blends using this model is only better than that achieved
with Grunberg-Nissan for intermediate ethanol contents, but it is
worse for low ethanol contents. Since only blends with limited
ethanol content have interest for diesel engines to avoid excessive
cetane number reduction [34], a different model should be used
instead. Furthermore, when the difference between molecule sizes
(radius) is higher than a factor of 1.5, an additional interaction
parameter must be included to simulate interations in a three-
dimensional space [19]. Only the four-body interaction model of
McAllister, which has higher number of interaction parameters
(three), achieves a reasonably good fit for ethanol-diesel blends,
because it fits the model for low, high and intermediate concentra-
tions of alcohol. Also in the case of alcohol-biodiesel blends the
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four-body interaction model of McAllister provides the best fit.
Similar conclusion has been obtained by other authors for blends
of alcohols and esters [35].

The coefficient of determination (R2) has been used to assess the
adjustment achieved for each model (Table 4). Despite the best fit
being achieved with the four-body interaction model of McAllister
for all cases, the Grunberg-Nissan equation was selected as that
providing the best compromise in general between the complexity
and the accuracy of the modeling equation, and thus, it was used in
the following section for modeling the viscosity of alcohol blends
with diesel and biodiesel fuels.

3.2.2. Grunberg-Nissan equation
In the Grunberg-Nissan equation [18], the content of each com-

ponent is quantified by its mole fraction, xr for reference fuel (die-
sel or biodiesel) and xi for alcohols, with i = 2,4 for ethanol and
butanol, respectively. When the reference fuel is diesel fuel, xr is
replaced with xd, and when it is biodiesel fuel, it is replaced with
xb. Eq. (1) defines the absolute viscosity of a blend (m) following
the Grunberg-Nissan equation for binary blends.

lnl ¼ xr lnlr þ xi lnli þ xrxiGri ð1Þ
Despite some minor positive excess volume found in alcohol-

ester solutions [35], the density of alcohol blends with diesel and
biodiesel fuels ðqÞ has been proven to vary approximately linearly
with the alcohol volume fraction ðziÞ [29,30]. Therefore, Eq. (1) was
transformed into Eq. (2) to model the kinematic viscosity.

v ¼ expðxr lnqrv r þ xi lnqiv i þ xrxiGriÞ
zrqr þ ziqi

ð2Þ

Interaction coefficients providing an optimal adjustment of the
kinematic viscosity are Gd2 = 0.85 for ethanol-diesel blends,
Gd4 = -0.32 for butanol-diesel blends, Gb2 = 1.40 for ethanol-
biodiesel blends and Gb4 = 0.16 for butanol-biodiesel blends.

The equation used to adjust the interaction coefficient for diesel
blends was taken from Lapuerta, et al. [29]. The parameter ni rep-
resents the number of carbon atoms in the alcohol molecule.

Gdi ¼ 0:11n2
i � 1:242ni þ 2:897 ð3Þ

To obtain a Grunberg Nissan equation for alcohol biodiesel
blends, methanol, propanol and n-pentanol were also tested
blended with biodiesel fuel. As shown Fig. 3, the viscosity is shar-
ply reduced with a small content of any alcohol. This decreasing
trend is not linear with respect to the volumetric, mass or molar
content. The reduction is inversely proportional to the alcohol car-
bon chain, this trend being consistent with the viscosity of pure
alcohols (Table 1). Some synergistic effect is observed for
pentanol-biodiesel blends as a consequence to the interaction
between pentanol and biodiesel molecules. Fig. 3 shows that
blends with high pentanol content have lower viscosity values
than pure pentanol.

The Grunberg Nissan interaction coefficients providing an opti-
mal fit between measured and modeled viscosities are shown in

Fig. 4. These coefficients were obtained for methanol, ethanol, pro-
panol, n-butanol and n-pentanol blends with both reference fuels
(diesel and biodiesel).

Alcohol’s polarity is induced by the hydroxyl group (–OH),
which is one of the most polar chemical groups, regardless the
polarity index used [36]. In general, biodiesel fuels have lower
mean polarity, with only the ester functional group (–COO–) pro-
viding polarity to the molecule while the aliphatic chain of the
molecule is roughly non-polar. In alcohol-biodiesel blends, the
polar group of both components attract each other and form per-
manent dipoles. Furthermore, the intensity of these interactions
is enhanced by the formation of hydrogen bonds (attractive forces
between the hydrogen attached to an electronegative atom of one
molecule and an electronegative atom of a different molecule) [37].
The diesel fuel is a complex mixture of different chemical com-
pounds, from highly non-polar n-alkanes to moderately polar aro-
matic hydrocarbons. In alcohol-diesel blends, these aromatic
structures may interact slightly with the hydroxyl group of the
alcohol forming transient dipoles (intermolecular forces weaker
than the hydrogen bond) [37]. Consequently, as shown in Fig. 4,
positive Grunberg-Nissan coefficients are higher for alcohol-
biodiesel blends than for alcohol-diesel blends because in the first
ones, the attraction between the hydroxyl group of the alcohol

Table 4
R2 coefficients of determination describing the quality of models for the viscosity of alcohol-diesel and alcohol-biodiesel blends.

R2 coefficient Blends

Model Butanol-diesel Butanol-biodiesel Ethanol-diesel Ethanol-biodiesel

Linear 0.9052 0.9984 0.9475 0.9846
Arrhenius 0.9289 0.9900 0.8959 0.9074
Kendall-Monroe 0.9214 0.9950 0.9160 0.9417
Bingham 0.9491 0.9631 0.8134 0.7602
Grunberg-Nissan 0.9894 0.9978 0.9510 0.9944
MacAllister-3B 0.9649 0.9849 0.9757 0.9924
MacAllister-4B 0.9972 0.9998 0.9910 0.9988
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molecule and the carboxyl group of the biodiesel fuel is stronger
than that between the hydroxyl group and the aromatic hydrocar-
bons of diesel fuel.

Fig. 4 also shows that Grunberg Nissan interaction coefficients
decrease when the number of carbon atoms in the n-alcohol mole-
cule increases for both, diesel blends and biodiesel blends. When
the alcohol chain length increases, the non-polar part of the mole-
cule becomes increasingly dominant and, consequently, alcohols
with high carbon chain lengths have lower Grunberg-Nissan inter-
action coefficients than alcohol with low carbon chain lengths. For
alcohols with 5 carbon atoms, Grunberg-Nissan interaction coeffi-
cients become negative, and in this case, the interaction between
alcohol-diesel blends becomes higher (higher absolute values for
the interaction coefficient) than for alcohol-biodiesel blends. This
could be explained because both large alcohols and diesel fuel have
higher affinity as a consequence of their basically non-polar
character.

Similarly as for alcohol-diesel blends, the interaction coeffi-
cients obtained for alcohol-biodiesel blends have also been fitted
to a second order equation (Eq. (4)) where ni is the number of car-
bon atoms in the alcohol molecule, leading to:

Gbi ¼ 0:141n2
i � 1:486ni þ 3:851 ð4Þ

From Eqs. (3) and (4) a good and fast estimation of the viscosity
of blends of alcohols and diesel and biodiesel fuels can be achieved,
which is useful for researchers, fuel producers and engine, pump
and pipeline designers.

4. Conclusions

From this study, the following conclusions can be obtained:

� Viscosity values decrease when alcohol content (ethanol or
butanol) increases for both, diesel and biodiesel blends. How-
ever, this decreasing trend is higher for ethanol blends.
� While only ethanol blends with alcohol content lower than 36%
(volume basis) fulfill the diesel fuel standard (EN 590), the
whole range of butanol blends fulfills this standard.

� Among the correlations used for predicting the viscosity of bin-
ary blends, Grunberg-Nissan equation shows an accurate fit for
butanol-diesel, butanol-biodiesel and ethanol-biodiesel blends.
However, this fit is not good enough for ethanol-diesel blends,
where the formation of a gel disrupts the trend. The four-
body interaction model of McAllister, with three interaction
parameters, achieves a reasonably good fit for ethanol-diesel
blends.
� Positive Grunberg-Nissan coefficients are higher for alcohol-
biodiesel blends than for alcohol-diesel blends because the
attraction between the hydroxyl group of the alcohol molecule
and the carboxyl group of the biodiesel is stronger than that
between the hydroxyl group and the aromatic hydrocarbons
of diesel fuel. Interaction coefficients become negative for
long-chain alcohol-diesel blends.
� Grunberg Nissan interaction coefficients decrease when the
number of carbon atoms in the n-alcohol molecule increases
for both diesel blends and biodiesel blends because when the
chain length increases, the non-polar part of the molecule dom-
inates against the hydroxyl group.
� A previous work, in which alcohol-diesel blends were modeled
with Grunberg-Nissan equation, has been completed using the
same type of second-order equation to model the Grunberg-
Nissan interaction coefficients for alcohol-biodiesel blends.
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Abstract
Tests with diesel/n-butanol blends (up to 20% by volume) were carried out in a Euro 6 engine following the New
European Driving Cycle in a test bench. No decrease in engine efficiency was observed when n-butanol is used and fuel
consumption increased proportionally to its lower heating value. Regarding emissions, total hydrocarbon and carbon
monoxide increased when n-butanol is used. On the other hand, the use of n-butanol reduces the particle emissions
down to a minimum value (for around 16% of n-butanol content) and then increases particle emissions again. This was
observed in both mass and particle number. This trend occurs as a consequence of the compromise between the
increase in oxygen content, which inhibits soot formation, and the increase in hydrocarbon emissions, especially under
cold-engine conditions, which promotes liquid nucleation. Finally, NOX emissions remained unchanged as a consequence
of the compensation between larger ignition delays and shorter combustion durations.
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Introduction

Fossil fuels are being replaced by renewable fuels in
order to reduce both the environmental impact and the
dependence from conventional fuels in internal com-
bustion engines. Additionally, the use of oxygenated
fuels (not only biodiesel but also alcohols) has the
potential to reduce some of the regulated pollutant
emissions from diesel engines, especially particulate
matter (PM)1,2 which is one of the most critical emis-
sions for diesel engines along with NOX. The reduction
of PM emissions and the enhanced soot reactivity when
oxygenated fuels are used3 are a crucial issue to reduce
the trap regeneration frequency and therefore to
increase fuel economy and to extend the aftertreatment
life-cycle.4

Regarding alcohols, the most common alcohol stud-
ied in diesel engines is ethanol, which has proved to
reduce PM emissions.5–6 However, this fuel presents a
series of drawbacks such as low cetane number, low
heating value, low lubricity,7 low flash point and espe-
cially poor miscibility with diesel fuel. This latter draw-
back limits the use of ethanol, especially at low
temperatures.8,9

N-butanol, as well as other long-chain alcohols, pre-
sents better miscibility with diesel fuel,9 which allows to
increase the replacement percentage. Also, n-butanol
has higher cetane number,10 higher viscosity11 and
higher heating value compared to ethanol. Although
traditionally n-butanol has been produced from fossil
fuels, nowadays it can be produced from renewable
sources (by fermentation process),12 with lower green-
house life-cycle emissions than ethanol.13 Currently,
n-butanol can be produced through either an acetone–n-
butanol–ethanol (ABE) fermentation process or an
isopropanol–n-butanol–ethanol (IBE) fermentation pro-
cess.14,15 The n-butanol used in this study was produced
from miscanthus and municipal solid waste (MSW)
within the ButaNexT project. Therefore, it can be
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Magı́n Lapuerta, Escuela Técnica Superior de Ingenieros Industriales,

University of Castilla-La Mancha, Edificio Politécnico, Avda. Camilo José
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considered an advanced fuel, whose contribution to the
transport sector in energy basis will increase from 0.5%
to 3.6% in the future European regulation.16

There are some studies which analyse the effect of
n-butanol/diesel blends on diesel emissions.17–20 In
most of these studies, diesel engines were tested under
steady conditions21–25 and only few of them measured
along driving cycles. For instance, Armas et al.18 and
Kozak26 analysed the effect of n-butanol addition on
the performance and emissions from different Euro 4
diesel engines following the New European Driving
Cycle (NEDC). These studies reported that HC emis-
sions increase with increasing butanol content, PM
sharply decreases, while there was no consensus about
CO and NOx gaseous emissions. These blends have
been tested not only in conventional diesel engines but
also in advanced combustion engine technologies,
showing the potential of n-butanol to reduce simultane-
ously both particle and NOX emissions but with similar
trends in HC and CO emissions.27

In summary, this article focuses on the use of
n-butanol/diesel blends (up to 20% by volume of n-
butanol) in a modern Euro 6 diesel engine under

transient conditions. The effect of the n-butanol addi-
tion on the performance and the pollutant emissions in
the tailpipe was analysed. The tests were carried out
following the NEDC, which is the current cycle for cer-
tification procedures in Europe,28 as described in regu-
lation 83 UNECE.29

Experimental procedure and fuels

Engine test bench and experimental equipment

This study was carried out in a Euro 6 Nissan 1.5 dCi
engine (model K9K). This engine (shown in Figure 1) is
a four-cylinder, four-stroke, turbocharged intercooled,
common-rail direct-injection diesel engine, and it is
equipped with double exhaust gas recirculation (EGR)
system, one low-pressure cooled exhaust gas recircula-
tion (LPEGR) and another high-pressure non-cooled
exhaust gas recirculation (HPEGR). Only one of the
EGR loops is activated at the same time, either the
LPEGR or the HPEGR: HPEGR is activated at low
coolant temperatures whereas LPEGR is activated at
high coolant temperatures with some exceptions such as

Figure 1. Scheme of the experimental installation.
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the lean NOx trap (LNT) purge in which HPEGR is
also activated. Furthermore, the aftertreatment system
was equipped with a diesel oxidation catalyst (DOC), a
LNT and a regenerative wall-flow-type diesel particle
filter (DPF). The main characteristics of the engine are
shown in Table 1.

The engine was coupled, with a rotating shaft, to an
asynchronous electric dynamometer (Schenck Dynas
III LI 250), which controls the engine speed and torque.
The dynamometer was equipped with a Road Load
Simulation (RLS) system from Horiba, with capability
to simulate in the engine test bench the dynamics of a
particular vehicle (transmission, gearbox, tyres, etc.). In
this work, a Nissan Qashqai 1.5 dCi vehicle was simu-
lated during the tests. This is the best-selling sport util-
ity vehicle (SUV) vehicle in Europe. The engine tested
was calibrated to power this vehicle with neat diesel.

The INCA PC software and the ETAS ES 591.1
hardware were used for the communication between
the user and the electronic control unit (ECU) of the
engine. The original settings of the mapping were not
modified. Therefore, operating parameters such as fuel
injection strategy, position of the EGR valves and
boost pressure were not externally controlled during
the tests. The inlet air mass flowrate and the fuel con-
sumption were measured with the raw engine sensors
and registered with the INCA PC software. The fuel
consumption measurement was previously calibrated
with an AVL 733s fuel gravimetric system.30

It should be noted that the simulation performed
with the RLS system may lead to slightly higher emis-
sions with respect to those from the actual vehicle, for
two reasons: (a) the driving cycle is generally followed
in a smoother way by a human driver than by the RLS
system, because the instantaneous torque is followed as
a consequence of a closed-loop control, with a small

inertia and (b) the information of the gear position,
which is one of the variables used in the engine map-
ping, was not used as an input in the ECU because the
gearbox is not included in the test bench.

Online thermodynamic combustion diagnosis was
applied by means of a Kistler Kibox instrument. The
following signals were registered: (a) in-cylinder pres-
sure (measured by Kistler piezoelectric sensor model
6056AU20, located inside one of the cylinders), (b)
energizing current of one of fuel injectors and (c) crank
angle rotation angle. From these signals, different ther-
modynamic parameters related to the injection and
combustion processes were determined, such as indi-
cated mean effective pressure (imep), start of energizing
(SoE), ignition delay (ID), start of combustion (SoC)
(defined as the angle at which 5% of the heat release is
achieved), apparent heat release (AHR) and the end of
combustion (EoC) (defined as the angle at which the
90% of the heat release is achieved).30

Particle size distributions were measured with an
Engine Exhaust Particle Sizer (EEPS) Spectrometer
model 3090 from TSI. The EEPS sampling point was
placed upstream of the DPF. As the EEPS instrument
needs special temperature and dilution conditions of
the inlet gas, the sample gas was first diluted with a
rotating disk diluter (RD) model MD19-2E using dilu-
tion air supplied by a thermal conditioner (TC) model
ASET15-1. The diluted exhaust gas is introduced in the
evaporating tube of the ASET15-1 where the tempera-
ture is increased to 300 �C. After that, the aerosol flows
into a mixing chamber for the second dilution in order
to cool down the aerosol temperature and to reduce the
thermophoretic losses. The RD temperature was set at
150 �C to avoid hydrocarbon condensations. Dilution
factors and thermophoretic and diffusion losses were
taken from the calibration certificates provided by
Matter Engineering AG. Primary dilution factor at RD
was 64.73:1 and secondary dilution factor at the TC
was 6.18:1, leading to a total dilution factor of 400:1.

The total hydrocarbon emissions (THC) were
sampled through a heated line, pump and filter (190 �C)
and were measured with a flame ionization detector
Graphite 52M-D. Carbon monoxide and carbon diox-
ide emissions were measured with a Non-Dispersive
Infrared (NDIR) detector MIR 2M. NOX emissions
were measured using a chemiluminescence Topaze 3000
analyzer. All these emission analyzers are integrated in
a modular system purchased from Environnement,
which also includes the electro-valves and software nec-
essary to commute between sample gas, zero gas and
calibration gases.31

Fuels and test cycle

The main properties and reference standard methods of
pure fuels and blends tested are shown in Table 2. Most
of the properties were measured following standard

Table 1. Engine and vehicle characteristics.

Engine K9K 646 1.5 dCi

Cylinders 4 in line
Valves per cylinder 2
Displacement (cm3) 1461
Bore (mm) 76
Stroke (mm) 80.5
Compression ratio 15.5:1
Power maximum 81 kW/4000 r/min
Torque maximum 260 N m/1750–2500 r/min
Transmission Manual, 6 gears
1st gear ratio 3.73:1
2nd gear ratio 1.95:1
3rd gear ratio 1.23:1
4th gear ratio 0.84:1
5th gear ratio 0.65:1
6th gear ratio 0.56:1
Differential ratio 4.13:1
Aftertreatment system DOC + DPF + LNT

DOC: diesel oxidation catalyst; DPF: diesel particle filter; LNT: lean

NOX trap.

Lapuerta et al. 1101
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methods. If they were not measured, the source is indi-
cated in the footnotes.

The diesel fuel used was supplied by Repsol (Spain)
and it fulfils the European standard EN 590. Its char-
acteristics are common with those of many diesel fuels
supplied by petrol stations in Europe in winter season.
However, it was selected with no biodiesel content (and
thus with no oxygen content) because the aim of this
study is to explore the effect of replacing the usual (and
future) biodiesel content with an alternative advanced
biofuel. N-butanol was donated by Green Biologics
Ltd. (Consortium member of ButaNexT Project) and
ethanol was purchased from PanReac AppliChem.

For this study, diesel blends with n-butanol at 10%,
13%, 16% and 20% (volume basis) were tested in the
engine test bench at ambient temperature. Higher
n-butanol contents were discarded because the low
cetane number and the high enthalpy of vapourization
(see Table 2) of n-butanol would lead to cold start
problems. Additionally, closer n-butanol contents were
tested between 10% and 20% (such as 13% and 16%)
trying to find the minimum particle emissions (both in
number and mass), as shown below. All the tests were
repeated three times in different days, in order to guar-
antee cold start conditions.

The NEDC is a certification driving cycle designed
to evaluate emissions and fuel consumption from light
duty vehicles. The whole cycle includes four urban driv-
ing subcycles repeated without interruption and an
extra-urban driving subcycle. Before the tests, the vehi-
cle remained for at least 6 h at a temperature between
20 �C and 24 �C. This range is narrower than that
allowed by the regulation.28

Results and discussion

The main aim of this study is to evaluate the emission
benefits from the use of n-butanol as a blend compo-
nent. Therefore, prior to the emission results, some

other relevant engine parameters (such as fuel/energy
consumption, equivalence ratio, EGR ratio and engine
temperatures) are presented because they are useful to
explain the emissions results.

Specific fuel and energy consumption

The instantaneous fuel consumption and the total accu-
mulated fuel consumption results are shown in
Figure 2. Since oxygenated fuels have lower heating
values, fuel consumption increases slightly with respect
to reference diesel fuel. Maximum fuel consumption
was measured for blend with 20% butanol (Bu20D)
due to its lowest heating value (see Table 2).

It is interesting to observe that intense fuel consump-
tion peaks are associated with accelerations. These fuel
consumption peaks decrease in intensity (for all fuels) as
the engine temperature increases. On the contrary, dur-
ing decelerations, two stages can be distinguished. In the
first stage of each deceleration (with engine speed higher
than 1000 r/min), fuel consumption is nil, because the
engine speed is still enough to sustain the engine idle. At
this condition, the engine inertia is compensated with
pumping losses, leading to negative effective power (the
engine operates as a compressor). In the second stage of
each deceleration (with engine speed lower than
1000 r/min), the engine inertia is already insufficient to
compensate the mechanical losses, and therefore, idle
regime speed is re-established, leading to a fuel con-
sumption of around 0.1 g/s (when the engine is hot) and
to almost 0.2 g/s (when the engine is still cold).

Energy consumption (inversely proportional to the
engine efficiency) is determined as the product of the
fuel consumption and its lower heating value.
Instantaneous rate of energy consumption (MW) and
accumulated energy consumption (MJ) are shown in
Figure 3. As can be observed, the above described dif-
ferences in fuel consumption almost disappear in terms
of energy consumption as a consequence of the lower
heating value of n-butanol. This implies that the use of

Figure 2. Fuel consumption for butanol–diesel blends.
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n-butanol in the blends does not lead to any decrease
in the engine efficiency.

Equivalence ratio

Equivalence ratio is defined as the ratio between the
actual fuel/air mass ratio and the stoichiometric fuel/air
ratio. Equivalence ratios higher than one correspond to
rich combustion (very unusual in diesel engines, at least
when the NEDC cycle, with no sharp accelerations, is
followed) and equivalence ratios lower than one corre-
spond to lean combustion. As observed in Figure 4,
equivalence ratios remain always below one, with two
exceptions: (a) in the extra-urban accelerations, for very
small periods of time and (b) when the simulated vehicle
reaches 100 km/h (second 1075), when LNT regenera-
tion becomes active (for all tests). Equivalence ratios at
steady conditions are lower in urban subcycles than in

the extra-urban one and decrease slightly as the engine
gets hotter. In the first stage of decelerations (with
engine speed higher than 1000 r/min), the equivalence
ratio is nil, consistently with the nil fuel consumption
already described. The main conclusion from Figure 4
is that there are no significant differences in equivalence
ratio between different fuels, and therefore, differences
in emissions should not be attributed to equivalence
ratio in any case.

EGR and engine temperatures

As shown Figure 5, the EGR ratio is not constant
along the NEDC. From the start of the cycle until
approximately the second step of the fourth urban sub-
cycle, HPEGR is used for all tests. When the coolant
temperature reaches 65 �C, the LPEGR, which is more

Figure 3. Rate of energy consumption for butanol–diesel blends.

Figure 4. Equivalence ratio for butanol–diesel blends.

1104 International J of Engine Research 19(10)



effective to reduce NOX emissions than HPEGR,
becomes active instead.

The instantaneous temperature upstream of the
DOC along the NEDC cycle is also shown in Figure 5.
As this temperature is similar for all blends tested, only
that for diesel fuel is shown as an example. Such simi-
larity between temperature traces suggests that any dif-
ference observed in the oxidation catalyst efficiency
should be attributed to the exhaust gas composition,
but not to the DOC temperature.

Combustion diagnosis

This section shows selected results for injection delay
angles and for combustion timing, which are useful for

the interpretation of emission results. Figure 6 shows
the instantaneous ID angles along the NEDC cycle. In
all cases, IDs decrease as the engine gets hotter. This
can be observed clearly from the start of the cycle to
the shift from HPEGR to LPEGR (approximately the
second step of the fourth urban subcycle). Also, igni-
tion delays increase during the extra-urban subcycle,
i.e. from 780 onwards, for two reasons: a) HPEGR is
switched to LPEGR, which has higher cooling poten-
tial, and b) injection timing is sharply advanced.

With regard to the effect of fuels, as observed in
Figure 7, the ID increases for increasing butanol con-
tents.10 Such increase is more noticeable during high/
medium load conditions (due to the larger injection
advance) than during idle conditions. Opposite to the

Figure 6. Ignition delay for butanol–diesel blends.

Figure 5. EGR, coolant temperature and temperature upstream of the DOC for diesel fuel (as example).

Lapuerta et al. 1105



higher ID for butanol blends, the combustion duration
(difference between EoC and SoC) becomes lower for
increasing butanol content. This can be explained by a
twofold effect: (a) the higher premixed/diffusion ratio
derived from the increased delay time and (b) the higher
flame velocity of butanol, as proved in laminar flame
experiments.33

Gaseous emissions

In general, CO (Figure 8) and HC emissions (Figure 9)
are associated with cold-engine start conditions. In fact,
around 70% of the final CO emissions occurs during
the first 70 seconds of the cycle (which lasts 1180 s).
Both gaseous emissions increase very significantly for
increasing butanol contents with respect to diesel fuel,
as shown in Figure 10, in agreement with other stud-
ies.34 Specifically, Bu20D increases CO emissions
around 135% and HC emissions around 273% with
respect to diesel fuel. The increase in CO emissions is

much higher from diesel to 10% butanol than from
10% to 20% butanol.

The main reason for such increase in both emissions
is that n-butanol is much more volatile and diffusive
than diesel fuel. At the combustion chamber tempera-
ture conditions and with such a high injection pressure,
butanol vapours are rapidly diluted on excess air and
the flame hardly propagates towards the lean regions
away from the fuel spray. This overleaning effect has
also been observed in dual-fuel diesel engines operating
with natural gas or syngas.35 Also the higher enthalpy
of vapourization of butanol (see Table 2) may contrib-
ute to such increase in CO and HC emissions, at least in
the first part of the cycle (when the engine is still cold),
because evaporation reduces local temperature, thus
reducing combustion efficiency.

Nitrogen oxides emissions become much more
intense from the start of the extra-urban cycle for all
fuels (and especially when the engine simulates more
than 100 km/h), as a consequence of the sudden
increase of load, despite the low-pressure EGR being
active during the whole extra-urban subcycle. The LNT
regeneration, which was triggered when the simulated
vehicle velocity reached 100 km/h, has also some con-
tribution to this sudden increase. In fact, more than
60% of the total NOX emissions occurred in the extra-
urban subcycle, in all cases. During urban subcycles,
NOX instantaneous emissions decrease as the engine
gets hotter (Figure 11).

As the EGR ratio is equal for all the blends tested, it
can be concluded that increasing butanol contents do
not affect NOX emissions significantly, as shown in
Figure 10. In diesel engines with advanced injection
timing (such as those previous to Euro 4), increases in
the ID usually led to increases in premixed combustion,
and thus to higher temperature peaks and NOX emis-
sions.18 On the contrary, in diesel Euro 5 and Euro 6
engines, injection processes are, in general, much more

Figure 8. CO gaseous emissions for butanol–diesel blends.

Figure 7. Average ignition delay and combustion duration.
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delayed (to avoid NO formation), and therefore,
increases in the ID does not necessarily lead to any
increase in temperature peaks and NOX emissions.
Additionally, in the case of butanol blends, the
whole combustion timing is maintained with increas-
ing butanol content, because as shown above, larger
IDs are compensated with shorter combustion
durations.

Particle emissions

Particles were sampled upstream of the DPF in all
cases. Although following the Directive 692/2008,28

only particles with diameters larger than 23 nm should
be counted, in order to extend the information,

Figure 11. NOX gaseous emissions for butanol–diesel blends.

Figure 9. HC gaseous emissions for butanol–diesel blends.

Figure 10. Average CO, HC and NOX gaseous emissions.

Lapuerta et al. 1107



particles were measured within the range of
5.62560 nm. Particle number and particulate mass
engine-out emissions are highly dependent on the
engine temperature and on the oxygen concentration in
the intake charge, which is reduced as the EGR is
increased.

Particle number (PN) emissions, both instantaneous
and accumulated, are shown in Figure 12. The highest
rate of particle emissions is observed in the extra-urban
accelerations. The main reason is the higher equivalence
ratio at these conditions (see Figure 4). Also significant
emission rates are observed in the urban accelerations
when the engine is still cold, despite only high-pressure
EGR is active. As it gets hotter, the emission rates
decrease substantially.

In general, it is observed that the particle number
and particle mass (PM) emissions are reduced because
the O2 present in the butanol molecule favours the soot
oxidation, and the aromatic content (which is reduced
as the butanol content increases) favours soot forma-
tion. The main benefit of butanol with respect to diesel
fuel in terms of particle number emissions occurs dur-
ing the extra-urban subcycle (Figure 12) because at
these conditions, the equivalence ratio is much higher,
in general, than in the urban subcycles. On the con-
trary, the highest amount of particles emitted during
the first urban subcycle corresponds to the highest
butanol contents.

Figure 13 shows that the highest particle number
reduction is reached with blend Bu1D (around 43%
with respect to diesel fuel). In Figure 14, particles
smaller than 23 nm (unregulated) and higher than
23 nm (regulated) are shown separately. For increasing
butanol contents, as shown in Figure 14(a), the number
of liquid-nucleation particles remains approximately
constant up to a certain n-butanol content, from which
the amount of these smallest particles starts to increase,
probably as a consequence of the saturation of the

specific surface area, where hydrocarbons are
absorbed. Two factors may contribute to such satura-
tion: (a) the highest HC concentration (and thus
nucleation) for Bu20D and (b) the lowest formation of
soot agglomerates for this blend (except in the first
urban subcycle when the engine is still cold). The mean
diameter (Figure 15) is reduced for increasing butanol
contents despite the highest amount of larger particles
(higher than 23 nm), in agreement with other previous
studies.25,34

As shown Figure 14(b), blend Bu20D also shows
higher accumulation mode than Bu16D. As mentioned
above, such increase is mainly derived from the higher
particle emissions observed for this blend during the
first urban subcycle. These higher particle emissions
can be explained, especially in blends with high butanol
content, because the higher enthalpy of vapourization
of butanol decreases the local combustion temperature
thus hindering soot oxidation.

When mass PM is analysed in Figure 16 (after con-
verting particle number into particle mass emissions

Figure 12. Particle number emissions for butanol–diesel blends.

Figure 13. Average particle number and mass emissions.
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through the particle density correlation proposed in
Lapuerta et al.36), two main differences can be observed
with respect to particle number emissions, regardless of
the fuel used:

� First, the contribution of the first urban subcycle
(right after cold-engine start) to the mass emissions
is smaller compared to that of the number emis-
sions, demonstrating that much of the particles
generated during the first urban subcycle are liquid
nanoparticles rather than soot agglomerates, as a
consequence of the cooling effect derived from
butanol evaporation.

� Second, the contribution of the extra-urban sub-
cycle to the mass emissions is even higher than to
the number emissions. Although in the NEDC
cycle accelerations there is no EGR (Figure 5),

they involve sudden increases in the equivalence
ratio, which demonstrates that the effect of
equivalence ratio on the soot formation processes
is essential.

Regarding fuel effect (Figure 13), small amounts of
butanol decrease significantly the particle mass emis-
sions. However, for higher butanol contents, the
decreasing trend is not so noticeable, and it is even
reversed. In particular, the highest reduction is observed
with Bu16D (around 62.52%). These reductions are
even much more noticeable than in the case of particle
number emissions, as can be observed in Figure 13.
This observation demonstrates that:

� Increasing butanol content up to 16% leads in aver-
age to less particles, and to finer particles, and thus

Figure 14. Particle number emissions for butanol blends: (a) lower than 23 nm and (b) higher than 23 nm.
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to lower mean particle diameters. In this range of
butanol contents, the increase in oxygen content
and the decrease in aromatic content affect mainly
to reduce soot formation.

� For butanol contents higher than 16%, despite the
mean particle diameter still decreases, the huge
increase in particle number leads to higher particle
mass emissions.

Since particle emissions upstream of the DPF find
the minimum at 16% butanol content and NOX gas-
eous emissions do not increase for increasing butanol
contents, this blend could be considered as an optimal
blend to reduce the trap regeneration frequency (and
the associated fuel consumption) and thus to enlarge
the aftertreatment life-cycle.

Conclusion

From this study, the following conclusions can be
obtained:

� All n-butanol blends increased the specific fuel con-
sumption consistently with their reduced heating
value, and the engine efficiency remained
unchanged during the engine tests.

� CO and THC gaseous emissions increase very sig-
nificantly for all butanol blends. These increases
are mainly manifest during the first urban subcycle,
where the temperature of the catalyst is insufficient
for an adequate efficiency. The increase in THC
emissions is linear with the butanol content,
whereas it is non-linear for CO emissions. The
more volatile and diffusive character of butanol

Figure 16. Particle mass emissions for butanol–diesel blends.

Figure 15. (a) Particle size distributions and (b) particle mean
diameters.
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with respect to diesel fuel, together with its higher
enthalpy of vapourization, are responsible for the
increases in THC and CO emissions.

� Increasing butanol content does not increase
NOX emissions as a consequence of compensa-
tion between increased IDs and shorter combus-
tion durations.

� Increasing butanol content reduces particle number
and PM emissions upstream of the DPF up to 16%
(volume basis) leading to less and finer particles.
For higher butanol contents, despite the mean par-
ticle diameter still decreases, the higher amount of
particles formed, especially in the first subcycle, also
increases the particle mass emissions.

� As butanol blends reduce particle mass signifi-
cantly, higher EGR ratios could be used to reduce
NOX, leading to a better PM/NOX trade-off.

In summary, the increases in CO and HC emissions
reduction at low catalyst temperature conditions are
largely compensated by the benefits in PM (and num-
ber) emissions, specially for Bu16D, which would
reduce the frequency of particulate active regeneration,
and thus the extra fuel consumption and the eventual
annoyance to users without increasing NOX gaseous
emissions.
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H I G H L I G H T S

• Euro 6 vehicle tested under driving cycle with n-butanol blends at 24 °C and −7 °C.

• Butanol blends up to 16% showed benefits in particle number and mass emissions.

• Benefits in engine efficiency were observed at cold ambient temperature (−7 °C).

• NOx increases found at cold temperature and CO and THC increases at any temperature.

• Butanol contents above 13% led to startability problems at cold ambient conditions.

A R T I C L E I N F O
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A B S T R A C T

Alcohols produced from waste or lignocellulosic materials with advanced production techniques constitute a
sustainable alternative as diesel fuel component. With respect to ethanol, the higher heating value of n-butanol
together with its better miscibility with diesel fuel and lower hydrophilic character suggest that butanol is a
better option as blending component for diesel fuels. A Euro 6 Nissan Qashqai 1.5 dCi light-duty vehicle was
tested following the NEDC (New European Driving Cycle) on a chassis dynamometer located in a climatic
chamber with different blends of diesel and n-butanol. Room temperatures were set at 24 °C and −7 °C. Butanol
blends up to 16% (volume basis) showed benefits in particle number and particulate matter emissions upstream
of the DPF at any ambient condition, this implying a reduction in the frequency of regeneration. Benefits in
engine efficiency were observed at cold ambient temperature (−7 °C), just when the efficiency is poorest.
Increases in NOx emissions were observed only at cold ambient temperature (−7 °C), while increases in CO and
hydrocarbon emissions were found at any temperature. Blends with n-butanol content above 13% led to start-
ability problems at cold ambient conditions. In general, including n-butanol as a blend component is beneficial
for both performance and particulate emissions, but the blend concentration is limited by startability problems at
very low ambient temperature.

1. Introduction

Advanced fuels play an important role to reduce fossil fuel con-
sumption in diesel engines. This kind of fuels will have to increase their
contribution in the transport sector from 0.5 to 3.6 according to the
upcoming European Directive [1]. Among advanced biofuels, oxyge-
nated fuels, such as short-chain alcohols, have proved to reduce PM
emissions [2,3]. This reduction and the better soot reactivity when
oxygenated fuels are used [4,5] cause a decrease in the diesel particle
filter (DPF) regeneration frequency, and therefore, lower oil dilution
[6], lower fuel consumption and longer aftertreatment life cycle [7] can
be achieved.

Although the alcohol most commonly used as a fuel component in
the transport sector is ethanol, n-butanol has better properties com-
pared to ethanol such as higher cetane number, higher heating value,
better viscosity [8] better lubricity [9], higher flash point and better
miscibility with diesel, especially at low temperatures [10,11]. Ad-
ditionally, n-butanol can be considered as an advanced biofuel since it
can be produced from waste or lignocellulosic materials [12–14].

Different studies have been published using diesel-butanol blends
under warm ambient conditions and in a Euro 5 (or inferior) engine test
bench. Most of the authors [2,15–17] have observed a sharp decrease in
PM emissions (due to the positive role played by the oxygen content on
the oxidation process) and an increase in CO emissions when n-butanol
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is used. However, regarding hydrocarbon (HC) and NOX emissions there
is no consensus. In the study by Ianuzzi et al. [15] a slight decrease in
HC emissions was observed whereas in most of the literature [2,16,17]
the opposite is reported. NOX emissions remained constant in the tests
carried out by [2,14], whereas in the studies by Fayad et al. [16] and by
Choi et al. [18] a decrease in NOX emissions was observed. Recently, an
emissions study was presented by the authors of this article on a Euro 6
engine following the New European Driving Cycle (NEDC) at warm
ambient temperature, concluding that PM emissions are reduced, NOX

emissions remains constant and CO and HC emissions increase for in-
creasing butanol content [19]. No literature has been found about the
use of n-butanol-diesel blends under NEDC in a chassis dyno at cold
temperatures. In the study by Zhang et al. [20], diesel-n-butanol blends
were tested to study the cold startability, adding hydrotreated vege-
table oil (HVO) or di-tertiary-butyl peroxide (DTBP) acting as cetane
number improvers to compensate the loss in cetane number with re-
spect to diesel fuel.

The novelty of this study lies on testing a Euro 6 vehicle in a chassis
dyno under cold temperature using n-butanol-diesel blends (up to 20%
by volume of n-butanol) following the NEDC. The temperatures chosen
were −7 °C and 24 °C, in order to observe differences in vehicle per-
formance, emissions and startability between the temperatures used for
vehicle certification (between 20 and 30 °C) and under cold conditions.
Although no diesel vehicle certification tests at cold temperature are
required so far, test at −7 °C were done with the purpose to study the
loss in engine performance, the increase in emissions, and the expected
startability problems derived from the very low cetane number of n-
butanol compared to diesel and the poor miscibility of the diesel-n-
butanol blends, as commented above.

2. Experimental set up, procedure and fuels

2.1. Experimental set up and procedure

This study was carried out in a Euro 6 Nissan Qashqai 1.5 dCi light-
duty vehicle equipped with a four-cylinder, four-stroke, turbocharged,
intercooled, common-rail direct-injection diesel engine (model K9K).
The vehicle was equipped with two exhaust gas recirculation systems,
one for low pressure cooled (LP-EGR) and another for high pressure
(HP-EGR). The aftertreatment system was equipped with a diesel oxi-
dation catalyst (DOC), a Lean NOX Trap (LNT) and a regenerative wall-
flow-type diesel particle filter (DPF). The main characteristics of the
vehicle and the engine are shown in Table 1.

Tests were carried out on a chassis dynamometer Schenk following
NEDC, which is the certification driving cycle used to evaluate the fuel
consumption and emissions from light duty vehicles. NEDC includes
four repeated urban driving subcycles and an extraurban driving sub-
cycle, without interruption. The driver followed the cycle keeping the
vehicle velocity under the limits established in the regulation (with
velocity limit errors of± 2 km/h within a time window of± 1 s).
Before NEDC tests, following the regulation procedure, three

extraurban subcycles were carried out for the preconditioning of the
aftertreatment system. After that, the vehicle remained for at least 6 h
for soaking at the test temperature.

The chassis dynamometer is placed inside a climatic chamber
(Fig. 1) and consists of a single roller (2WD) with a diameter of
157.48 cm (62 in.) and 168 kW nominal power which simulates the
rolling and aerodynamic resistances. The equivalent vehicle inertia is
also electrically simulated. The blower was located in front of the ve-
hicle and the wind speed produced by the blower corresponds to the
simulated vehicle velocity according to the procedure established in
Regulation 83 [21].

The ambient temperature can be regulated from −20 °C to 40 °C
inside the climatic chamber. The regulation establishes a test range
temperature between 20 °C and 30 °C [21]. In this study, the tempera-
ture for warm ambient tests was set at 24 °C whereas the temperature
for cold ambient tests was established at −7 °C.

The INCA PC software and the ETAS ES 591.1 hardware were used
for the communication between the electronic control unit (ECU) of the
engine and the user. The engine control strategy was not modified from
the commercial one. The fuel consumption and the inlet air mass
flowrate were measured with engine sensors and recorded with the
INCA PC software. Previously, the fuel consumption measured with the
ECU was calibrated with an AVL 733s fuel gravimetric system [22].

Online thermodynamic combustion diagnosis was made using a
Kistler Kibox analyzer. This equipment registers the following signals;
(a) the in-cylinder pressure, measured by Kistler piezoelectric sensor
model 6056AU20, located in one of the cylinders, (b) the energizing
current at the fuel injector and (c) the crank angle sensor signal. From
this information, Kibox analyzer determines different parameters re-
lated to the injection and combustion processes such as: the start of
combustion (angle at which 5% of the heat release is achieved), the end
of combustion (angle at which the 90% of heat release is achieved), the
indicated mean effective pressure, the start of the energizing process
and the apparent heat release [23].

Particle emissions were determined in size and number with the
Engine Exhaust Particle Sizer (EEPS) spectrometer. The gas sample for
particle measurement was firstly diluted with a rotating disk (RD) di-
luter model MD19-2E using the dilution air supplied by the thermal
conditioner (TC) model ASET15-1. The RD temperature was set at
150 °C to avoid hydrocarbon condensation. The diluted gas after this
first dilution is increased to 300 °C in the evaporating tube of the
thermal conditioner. After that, the aerosol flows into a blending
chamber for a second dilution in order to cool down the aerosol tem-
perature. Dilution factors and thermophoretic and diffusion losses were
calculated using the calibration certificates provided by Matter
Engineering AG. Primary dilution factor at RD was 64.73 and secondary
dilution factor was 6.18. Therefore, the total dilution factor of the ex-
perimental configuration was 400:1.

Total hydrocarbon emissions (HC) were measured with a flame io-
nization detector Graphite 52M-D, after gas sampling through heated
line, pump and filter (190 °C). Carbon monoxide and carbon dioxide
emissions were measured with a NDIR detector MIR 2M. NOX emissions
were measured using a chemiluminescence Topaze 3000 analyzer. All
the emission analyzers are integrated in a modular system supplied by
Environnement, alongside with the electro-valves and software neces-
sary to commute between gas sample, zero gas and calibration gases
[24].

All emissions were measured downstream of the aftertreatment
system except particle emissions, which were measured upstream. The
reasons are: (a) particle downstream emission results are not significant
due to the high efficiency of particulate traps, and (b) the information
of upstream particle emissions is relevant because they have direct
implications on the DPF regeneration frequency and thus on fuel con-
sumption, driver annoyance, trap life-cycle and fuel-in-oil dilution
[6,7].

Table 1
Vehicle characteristics.

Property Value

Weight 1470 kg
Engine K9K 646 1.5dCi
Cylinders 4 in line
Valves per cylinder 2
Displacement (cm3) 1461
Bore (mm) 76
Stroke (mm) 80.5
Compression ratio 15.5:1
Rated power 81 kW/4000 rpm
Rated torque 260 Nm/1750–2500 rpm
Aftertreatment system DOC+DPF+LNT
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2.2. Fuels

The reference standard methods and the main properties of pure
diesel and butanol blends tested are shown in Table 2. Most of the blend
properties were measured in the authors’ fuel laboratory following
standard methods. In other cases, the source is specified in the foot-
notes.

The diesel fuel tested in this study was supplied by Repsol (Madrid,
Spain) and it fulfils European standard EN 590. It has no oxygen and it

is very similar to those diesel fuels used in Europe in winter. Butanol
was supplied by Green Biologics Ltd., member of the Consortium of
Horizon 2020 project ButaNexT [26].

In this study, diesel blends with 10%, 13%, 16% and 20% n-butanol
content (volume basis) were tested in the chassis dyno at warm and
cold ambient temperature. The objective was to study their emissions
and performance and to identify the maximum amount of n-butanol
that can be used without startability problems in diesel vehicles. Higher
n-butanol concentrations were discarded because the low cetane

Fig. 1. Scheme of the experimental installation.

Table 2
Main properties of tested fuels.

Property Methods Diesel Butanol Bu10D Bu13D Bu16D Bu20D

Purity (%, v/v)a ∼ 99.5
Density at 15 °C (kg/m3) EN ISO 3675 842.0 811.5 836.5 835.8 834.8 833.5
Kinematic viscosity at 40 °C (cSt) EN ISO 3104 3.00 2.27 2.61 2.57 2.54 2.51
Lower heating value (MJ/kg) UNE 51,123 42.93 33.20 41.75 41.41 41.17 40.69
Average molecular formulab,c C15.05H27.61 C4H10O C12.49H23.54O0.23 C11.87H22.54O0.29 C11.29H21.62O0.34 C10.59H20.50O0.40

C (wt.%) 86.74 64.86 84.62 83.90 83.27 82.49
H (wt.%) 13.26 13.51 13.29 13.37 13.38 13.31
O (wt.%) 0 21.62 2.09 2.73 3.34 4.20
Water content (mg/kg) EN ISO 12,937 41.70 1146 170
Molecular weight (kg/kmol)b,c 208.20 74.12 177.41 169.92 162.83 154.24
Boiling point (°C) ASTM D86 149–385 117.4
Standard enthalpy of vaporization (kJ/kg)d – 619.82
H/C ratiob 1.83 2.50 1.88 1.90 1.92 1.94
Stoichiometric fuel/air ratiob 1/14.51 1/11.15 1/14.18 1/14.07 1/13.97 1/13.85
CFPP (°C) EN 116 −20 <−51 −21 −21 −21 −20
Cloud Point (°C) EN 23,015 −4.1 −115.5 −3.3 −3.2 −2.9 −2.5
Pour Point (°C) ASTM D97 −21 <−120.7 −21 −21 −21 −20
Lubricity (WS1.4) (µm) EN ISO 12156-1 371.45 571.15 419.08 423.38 428.96 435.49
Derived cetane number EN 16,715 52.65 15.92 46.64 45.92 44.63 42.98

a Provided by fuel supplier.
b Obtained from elemental analysis.
c Obtained with Aspen Tech HYSYS.
d Obtained from Ref. [25].
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number and the high enthalpy of vaporization of n-butanol would ex-
pectedly lead to cold start problems. All blends were tested three times
at each ambient condition in order to guarantee that results were en-
ough repeatible.

3. Results and discussion

Some important parameters such as the fuel and energy consump-
tion, the equivalence ratio, the EGR rate, the engine exhaust tempera-
tures and the combustion parameters are shown first in order to further
explain the emission results for butanol blends in the diesel vehicle
under different ambient temperatures.

In all cases, the effect of ambient temperature is analysed first, re-
gardless of the fuel used, and the effect of fuel is then discussed at warm
and cold conditions. Finally, the startability of these blends tested is
discussed.

3.1. Specific fuel and energy consumption

The instantaneous fuel consumption along the entire driving cycle is
higher for all blends tested at −7 °C with respect to those at warm
ambient temperature (as shown in Fig. 2 left) for two reasons: (a) the
quality of the combustion process is poor as a consequence of the low
combustion temperature and the inefficient fuel atomization and eva-
poration processes, (b) most of the heat released is invested to heat the
engine and to compensate the high friction losses [27]. Fig. 2 left shows
the instantaneous and the accumulated fuel consumption of diesel fuel
and Bu20D at both ambient conditions, as an example. As shown in the
figure, fuel consumption peaks are associated with accelerations, these
peaks being lower as the engine temperature rises.

At warm ambient temperature, the specific fuel consumption (de-
fined as the fuel consumed by the vehicle per distance travelled) in-
creases slightly for increasing butanol content as a consequence of the
lower heating value of butanol (average values are shown in Fig. 2
right). On the contrary, at −7 °C, the specific fuel consumption is
slightly reduced with increasing butanol content. This can be explained
by the reduction of the combustion duration for butanol blends as a
consequence of the increase in premixed combustion and of the higher
combustion velocity during diffusion combustion (see Section 3.4).
Furthermore, evaporation of the injected spray is enhanced when bu-
tanol blends are tested as a consequence of their higher volatility. As
observed, these effects become dominant over the lower heating value
at cold ambient conditions.

The specific energy consumption is the inverse of the engine effi-
ciency and it is calculated multiplying the fuel consumption by its
heating value. Similar to the specific fuel consumption, the specific
energy consumption is much higher at cold conditions that at warm
ambient temperature. At 24 °C, the energy consumption remains ap-
proximately constant for all blends tested. On the contrary, at−7 °C the

mentioned saving in energy consumption from butanol blends becomes
noticeable. This is a relevant benefit especially in Euro 6 engines, with
strategically delayed injection (see Section 3.6 below), even more since
it takes place just when the efficiency is poorest.

3.2. Equivalence ratio

The equivalence ratio is the ratio between the instantaneous fuel/air
mass ratio and the stoichiometric fuel/air ratio and it has primary ef-
fects on emissions. The instantaneous equivalence ratio of butanol
blends at both ambient temperatures is shown in Fig. 3 together with
the instantaneous vehicle velocity along the NEDC (dashed line). In
general, equivalence ratios are higher in the extra-urban subcycle be-
cause of the high load. Although the average equivalence ratio is
slightly higher at cold ambient temperature than at warm ambient
temperature, in the extraurban subcycle the trend is reversed due to the
increase in EGR rate, which is significantly higher at ambient condi-
tions than at cold conditions (see Section 3.3).

At the engine start, the equivalence ratio is very high because of the
high amount of fuel injected. During accelerations, the equivalence
ratio reaches almost 0.8. This parameter reaches values even higher
than one (rich combustion) when the LNT regeneration becomes active
(around second 1073) in order to reduce NO and NO2 gaseous emis-
sions. These effects are observed in all tests. As there are no significant
differences in equivalence ratio between fuels as a consequence of a
compensation between the fuel consumption and stoichiometric fuel/
air ratio, emission differences shown hereinafter cannot be attributed to
equivalence ratio.

3.3. Exhaust gas recirculation

The exhaust gas recirculation system recirculates part of the exhaust
gas into the intake manifold to reduce NO formation. The EGR rate is
set as a function of different engine variables, by means of an algorithm
included in the engine mapping. The switch between HP-EGR and LP-
EGR is made based on the ambient and coolant temperatures.

At warm ambient temperature, the high-pressure EGR (HP-EGR) is
activated from the start of the cycle until approximately the second step
of the fourth urban sub-cycle. From this point of the cycle, when the
coolant temperature reaches 65 °C, as shown in Fig. 4 left, the low-
pressure EGR (LP-EGR) is activated instead. The HP-EGR is also acti-
vated during the NOX purge in the extraurban subcycle (second 1073).

At warm ambient temperature, the EGR rate (ratio between re-
circulated gas and total inlet gas, in percentage) increases as the engine
gets hotter, and tends to stabilize at the end of the cycle (Fig. 4 left).
There is no EGR neither during accelerations nor during decelerations
(Fig. 4 left). At warm ambient temperature tests, LP-EGR is active
around 40% of the whole cycle whereas HP-EGR is used around 50%,
with no EGR being active during idle.

Fig. 2. Instantaneous fuel consumption for diesel and Bu20D (left) and average specific fuel and energy consumption for all blends (right).
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The EGR mass flow rate is always higher for tests at 24 °C than for
tests at −7 °C. In fact, at cold ambient temperature during the whole
first urban subcycle there is no EGR at all in order to avoid water
condensation problems derived from the low temperature, as shown in
Fig. 4 right. Therefore, at cold ambient temperature, there is no EGR
during the 25% of the cycle while the high-pressure EGR (HP-EGR) is
active in the 75% of the cycle. At this ambient condition, LP-EGR is
never active despite the coolant temperature reaching 65 °C in order to
avoid water condensation in the intake.

3.4. Injection strategy and combustion parameters

The injection strategy for this engine includes two pilot injections
and the main injection. The average start of energizing of the first pilot
injection for the whole cycle is similar for all blends tested at each
temperature condition, as shown in Fig. 5.

The first pilot injection starts around−26 crank angle degree (CAD)
for tests at −7 °C and around −18 CAD for tests at 24 °C. In the ex-
traurban subcycle, for tests at 24 °C, the first pilot injection is delayed in
the extraurban subcycle. On the contrary, for tests at −7 °C, the first
pilot injection is significantly advanced with respect to the rest of the
driving cycle. This can be explained because Euro 6 engines usually
have delayed combustion to avoid nitric oxide formation. At cold
temperature, approaching the start of injection close to Top Dead
Center (TDC) and thus improving such a poor efficiency, becomes a
primary target. On the contrary, this strategy is not possible at warm
ambient temperature because NOX emissions would increase un-
acceptably. Nitrogen monoxide (main source of final NOX emissions),
mainly formed through the thermal mechanism, is much more sensitive
to the high temperatures and pressures derived from advanced

combustion processes than to the sharp premixed heat release peaks
derived from delayed combustion processes. An example of cylinder
pressure, heat release and rate of heat release is shown in Fig. 6 for
diesel and Bu20D blend at both temperatures (24 °C at left and −7 °C at
right), for a 50 km/h mode in the extraurban subcycle.

The ignition delay (ID) angle was calculated subtracting the start of
combustion (defined as the angle for 5% of the total apparent heat
release) from the start of energizing of the first pilot injection. The
combustion duration (CD) was determined as the difference between
the end (defined as the angle for 90% of the total apparent heat release)
and the start of combustion.

At warm ambient temperature, the average ignition delay is lower
than at cold ambient temperature, consistently with the strong tem-
perature dependence of autoignition chemical kinetics. At both tem-
peratures, the ignition delay time increases for increasing butanol
content as shown in Fig. 7 left, and therefore, combustion starts later.
Such delaying effect of the butanol content is less noticeable at low
temperature as a consequence of the injection being electronically ad-
vanced.

At −7 °C, the average combustion duration is larger than that at
24 °C because of the higher amount of injected fuel and because the
cold temperature slows down all the physical phenomena and chemical
reactions involved in the combustion process. The combustion duration
is shorter for increasing butanol content at both ambient temperatures
due to the faster diffusion combustion derived from the oxygen content
of butanol (Figs. 6 and 7 left). However, combustion duration is by far
more affected by ambient temperature than by the butanol content.

Maximum pressure gradients (Fig. 7 right) always occur before
maximum rates of heat release (RoHR), independently of the ambient
temperature or the blend tested. At warm ambient temperature, both,

Fig. 3. Equivalence ratio at 24 °C (left) and −7 °C (right).

Fig. 4. Instantaneous EGR rate for diesel fuel (left) and EGR rate for all blends (right).
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maximum pressure gradient and maximum rate of apparent heat re-
lease, occur later for increasing butanol content due to the longer ig-
nition delay. However, at cold temperature, none of them is affected by
the butanol content. This can be explained because both cold tem-
perature and larger injection processes (as a consequence of reduced
heating values) compensate the combustion timing by advancing the
start of injection. In summary, although further engine optimization
could be done, the introduction of n-butanol in diesel blends is rather
compatible with current engine calibration designed considering only
diesel fuel, since combustion remains roughly centered, despite the low

cetane number of n-butanol.

3.5. Engine exhaust temperatures

As shown in Fig. 8, the instantaneous temperature upstream of the
DOC is similar for all blends tested at both ambient temperatures.
Therefore, any difference in the DOC efficiency is not related to the
DOC temperature, but to the exhaust gas composition.

Fig. 9 shows instantaneous temperatures downstream of the DOC.
Both temperatures, upstream and downstream of the DOC, are higher

Fig. 5. First pilot injection timing (crank angle degree) at 24 °C (left) and −7 °C (right).

Fig. 6. Cylinder pressure, heat release and rate of heat release for diesel and Bu20D blend at 24 °C (left) and −7 °C (right), for a 50 km/h mode in the extraurban subcycle.

Fig. 7. ID and CD (left) and angles for maximum apparent heat release and maximum pressure gradient (right).
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for tests at−7 °C than for those at 24 °C because the equivalence ratio is
higher as a consequence of the higher amount of fuel injected.

For tests at 24 °C, more intense oxidation occurs for increasing bu-
tanol content, especially for Bu20D, as inferred from increased down-
stream temperatures (Fig. 9 left) with respect to those measured up-
stream of the DOC. The downstream temperature tends to increase due
to the increase in the amount of carbon monoxide and hydrocarbons
oxidized. On the contrary, no increase in temperature along the DOC
can be observed for tests at −7 °C (Fig. 9 right) because such increasing
trend is compensated by much more heat transfer from the monolith to
the surroundings.

Comparing between fuels at both ambient temperatures, the
average temperature upstream of the DOC is slightly reduced for in-
creasing butanol content (Fig. 10), as a consequence of the reduction of
the combustion duration, which leads to lower expansion temperature.
The small differences between temperatures downstream and upstream
of the DOC for tests at 24 °C can be explained because of the low gas-
eous emissions emitted with diesel fuel. These differences are higher for
increasing butanol content consistently with the higher CO and HC
emissions for these blends as shown below. At −7 °C this effect is not
observed because the heat transfer for the monolith is much higher,
thus hindering almost completely the expected temperature increase.

As a detail example, Fig. 9 left shows (see inserted zoom) that for
increasing butanol content the sudden rise in temperature (when CO
and HC begin to oxidize with good efficiency) starts earlier in time, in
other words, at low catalyst temperature.

3.6. Gaseous emissions

As shown in Fig. 11 (left), CO and HC emissions at −7 °C are much

higher than those at 24 °C because at low temperature, the DOC needs
more time to reach the adequate temperature for an efficient operation,
there are more thermal losses from the combustion chamber to the
coolant and the mean equivalence ratio is higher, thus increasing the
occurrence of rich regions where total oxidation is not completed.

Since CO and HC emissions show the same trend, Fig. 11 left shows
only CO instantaneous emissions for diesel and Bu20D at both ambient
temperatures, as an example. Most of CO and HC emissions are emitted
in the first urban subcycle because the DOC temperature is under the
light-off temperature (between 200 and 300 °C) as shown in Fig. 8. CO
and HC peaks are mainly observed during accelerations because more

Fig. 8. Instantaneous temperature upstream of the DOC at 24 °C (left) and −7 °C (right).

Fig. 9. Instantaneous temperature downstream of the DOC at 24 °C (left) and −7 °C (right).

Fig. 10. Average upstream and downstream of the DOC temperatures at both ambient
temperatures.
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fuel is injected and higher equivalence ratios are reached, deriving in
more incomplete combustion. An isolated emission peak is generally
observed at the LNT regeneration event, because at this time the engine
strategy generates rich equivalence ratios to provide CO and HC more
than enough to reduce NOX in the LNT.

In general, as shown in Fig. 11 right, at both ambient temperatures,
CO and HC emissions increase for increasing n-butanol content (despite
the higher oxygen content) for two main reasons: (a) the higher en-
thalpy of vaporization of butanol contributes to increase these emis-
sions at the first part of the cycle (when the engine is still cold) because
the local temperature is reduced by the evaporation, promoting con-
densation and thus hindering combustion (b) as n-butanol is much more
volatile and diffusive than diesel fuel, butanol vapors are diluted faster
on excess air at the combustion chamber and the flame is then propa-
gated towards the lean regions far from the fuel spray, where misfiring
may occur. All blends tested at warm ambient temperature fulfil the CO
limit (0.5 g/km) established in the Euro 6 standard [28].

As shown in Fig. 12, nitrogen oxide emissions (NOX) at −7 °C in-
crease with respect to those at 24 °C for four reasons. First, when the
vehicle is working at low temperature, only the High Pressure Exhaust
Gas Recirculation (HP-EGR) is active (during the whole NEDC except
the first urban subcycle, see Fig. 4), whereas the Low Pressure Exhaust
Gas Recirculation (LP-EGR) is not active at any moment. Since the LP-
EGR (with lower temperature in the recirculated stream) is not active,
the local temperatures increase and consequently, the NOX emissions
increase. Second, the EGR rate is always lower (even nil during the first
urban subcycle) at −7 °C that at 24 °C. Third, under low-temperature
conditions, the injection is notably advanced (around 3–4 crank angle
degrees, as shown in Fig. 5 right), thus increasing maximum cylinder
pressure and temperature (see Fig. 6). Fourth, under low-temperature
conditions, the amount of fuel injected is higher to overcome thermal

and friction losses, and this also contributes to higher NO formation.
This increasing NOX emission trend with decreasing temperature is in
agreement with other recent studies on Euro 6 vehicles working with
diesel fuel [29].

NOX emissions increase during the extra urban subcycle due to the
increase of fuel injected as shown in Fig. 12 left. Higher NOX peaks are
observed in accelerations because higher amount of fuel is injected
while EGR is not active. At the LNT regeneration event, a huge peak is
observed because the LNT is not able to reduce to N2 all the NOX mo-
lecules accumulated.

Nitrogen oxide emissions at 24 °C do not increase for increasing
butanol content (Fig. 12 right). As Euro 6 engines have more delayed
combustion with respect to previous ones such as Euro 4 engines (with
the purpose of reducing NO formation), higher ignition delays for bu-
tanol blends do not lead to higher pressure and temperature peaks (see
again Fig. 6) and consequently to higher NOX emissions.

On the contrary, NOX emissions at −7 °C increase for butanol
blends, because the combustion process is electronically advanced.
Under such advanced combustion conditions, delaying the start of
combustion (as a consequence of the lower cetane number) increases
the temperature peaks and thus the formation of nitrogen monoxide. All
blends tested at warm ambient temperature fulfil the HC+NOX limit
(0.17 g/km) and the NOX limit (0.08 g/km) established in the Euro 6
standard [28].

3.7. Particle emissions

In this study, particle emissions were sampled upstream of the DPF
in all tests. In order to complete the information, although following
Regulation 692/2008 only particles larger than 23 nm should be
counted [28], particles with diameters from 5.6 to 560 nm were

Fig. 11. Instantaneous CO emissions for diesel and Bu20D (left) and average CO and HC emissions for all blends (right).

Fig. 12. Instantaneous NOX emissions for diesel and Bu20D (left) and average NOx emissions for all blends (right).
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measured in this work.
Particle number (PN) and particulate mass (PM) engine-out (up-

stream of the DPF) emissions are highly dependent on the oxygen
concentration in the intake charge, which is reduced as the EGR is in-
creased. Cold-engine conditions make fuel atomization and evaporation
slower, favouring soot formation and hindering its oxidation. This effect
is especially noticeable in the first urban subcycle, and becomes less
important as the engine gets hotter.

Particle number and mass emissions are both higher in the first
urban subcycle for tests at cold ambient temperature whereas, as shown
in Fig. 13, when the engine gets hotter the trend is reversed. In fact,
during the extraurban subcycle particle emissions are higher for tests at
warm ambient temperature because the EGR rate is higher and the LP-
EGR is active from the second step of the fourth urban sub-cycle. On the
contrary, at cold ambient temperature the LP-EGR is not active at any
moment. LP-EGR is an effective technique to suppress NO formation at
the expense of enhanced soot formation, leading to a sharp increase in
PM emissions, despite the lower temperature. In general, from the re-
sults obtained, PM emissions are more sensitive to changes in the en-
gine coolant temperature, followed by changes in the EGR rate, and
followed by changes in the ambient temperature. In fact, when differ-
ences in engine temperature disappear (extraurban subcycle), it can be
clearly observed that the lower EGR rates dominate over the ambient
temperature, thus leading to lower PM emissions at −7 °C.

At 24 °C, in the first urban subcycle, particle number emitted from
butanol blends are higher than that emitted by diesel fuel (Fig. 13 left)
as a consequence of higher HC nucleation. However, particle mass is
reduced except for Bu20D (increase particle mass) as observed in
Fig. 13 right. Besides Bu20D leading to higher amount of small particles
(nucleation mode), this blend also shows higher particle mass than

Bu16D derived from its higher amount of larger particles (accumulation
mode), as shown in Fig. 14 left. This non-linear trend with increasing
butanol content was already explained in a previous study under am-
bient temperature [19].

For tests at −7 °C, higher particle emissions occur during the first
urban subcycle (especially particle number emissions) because the low
engine temperature promotes HCs condensation even more than for
tests at 24 °C (Fig. 14 right) and increase the nucleation mode. Butanol
blends show a great benefit reducing particle mass considerably with
respect to diesel fuel, especially during the extraurban subcycle.

Regarding tests at 24 °C, in general, particle number and particle
mass are both reduced as a consequence of the oxygen content in the
butanol molecule, as shown in Fig. 15. Diesel fuel shows the highest
specific particle number and mass emissions because the aromatic
fraction of diesel fuel promotes soot formation. Butanol blends up to
16% reduce particle emissions and also their mean diameters, the
maximum particle reduction resulting for this butanol content. How-
ever, for higher butanol content more particles are emitted as a con-
sequence of the HC condensation and the higher accumulation mode.

When butanol blends were tested at −7 °C, in general, particulate
mass emissions decrease down to 16% n-butanol content, but particle
number emissions remain approximately unchanged, and therefore, the
mean particle diameter is reduced. The maximum particle mass re-
duction is higher for tests at 24 °C (around 60%) than for tests at −7 °C
(around 40%).

From the results obtained it can be concluded that PM emissions,
despite being strongly affected by the butanol content, are even more
sensitive to engine temperature, EGR rate and ambient temperature.

Fig. 13. Average particle number (left) and mass (right) emissions by subcycles.

Fig. 14. Average particle size distributions at 24 °C (left) and at −7 °C (right).
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3.8. Startability

The startability of a fuel or a vehicle describes the ability to start the
engine and to keep it under stable idle conditions after the start. As
shown in the instantaneous engine speed diagrams, at 24 °C (Fig. 16,
left), the engine speed remained stable after the start with all blends.
Although the amplitude of oscillations increased slightly with in-
creasing butanol content, it can be concluded that at this temperature,
all blends can be used without starting problems.

On the contrary, at −7 °C (Fig. 16, right), only blends up to 13%
were able to maintain the idle engine speed (which is around 15%
higher than at warm conditions to guarantee the engine stabilization).
When these blends were tested at cold ambient temperature, although
the vehicle could start correctly, the idle was quite unstable before the
first acceleration corresponding to the first urban subcycle, especially
for Bu13D. In fact, this blend led to a decrease in the engine speed, but
around 3 s later, the speed was recovered. When higher butanol con-
tents (blends Bu16D and Bu20D) were tested at this temperature, the
engine speed decrease was such that the engine stopped around two
seconds after the start, and subsequent re-start was necessary. The poor
miscibility of these blends at such low temperature, the low cetane
number and the high enthalpy of vaporization of butanol could be
pointed out as the main reasons. Nevertheless, the NEDC was finally
completed successfully, after a second or third starting attempt.

In summary, blends with n-butanol contents up to 13% could re-
place the winter diesel fuel to be used in diesel engines at cold tem-
perature. However, blends with higher butanol content could present
cold start problems at −7 °C. These problems could be addressed by
modifying the engine injection strategy (injection timing, split injection
and separation between stages) during cold start [30].

4. Conclusions

The following conclusions are obtained from this study:

• All n-butanol blends tested led to better engine efficiency at low
ambient temperature, and even to slightly lower specific fuel con-
sumption with respect to diesel fuel, with no significant benefits at
warm ambient temperature.

• CO and HC emissions increased for butanol blends at both ambient
temperatures (−7 °C and 24 °C) as a consequence of the much more
volatile and diffusive character of n-butanol and its higher enthalpy
of vaporization with respect to diesel fuel.

• NOX emissions increased at cold temperature with respect to tests at
warm temperature because the LP-EGR is not active along the whole
cycle, the total EGR rate is always lower (or even nil), the injection
is notably advanced and the amount of fuel injected is higher. NOX

emissions were not observed to increase for increasing butanol
content at warm temperature, but they increased at cold tempera-
ture as a consequence of the advanced combustion.

• The average particle emissions were lower for tests at−7 °C than for
those at 24 °C due to much lower EGR rates. Furthermore, LP-EGR is
not active at any moment for tests at cold temperature. For tests at
warm ambient temperature, particle number and particle mass
emissions were reduced with increasing butanol content, with
maximum reduction observed for 16% butanol content. For tests at
cold ambient conditions, only particle mass emissions were reduced,
while particle number emissions remained approximately constant.

• EGR has been proved to be a very powerful technique to calibrate
Euro 6 engines and to re-optimize calibrations after any fuel re-
placement with biofuels such as n-butanol, since NOX and particle
emissions are extremely sensitive to any change in EGR rate.

• At cold ambient temperature (−7 °C), starting problems occurred
from 13% butanol content onwards. In these cases, a decrease in the
engine speed was observed in the first seconds leading to the engine
stopping. No starting problems were observed at warm ambient
temperature.

To conclude, including n-butanol as a blending component is ben-
eficial for both performance and particulate emissions up to a certain
butanol content, but this content is further limited by starting diffi-
culties at very low ambient temperatures.
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A B S T R A C T

Filter plugging problems caused by some biodiesel components have recently discouraged biodiesel users and
suppliers, and triggered normalization actions to limit operability problems in diesel engines. Bioalcohols have
proven to be a sustainable alternative as diesel components, although light ones such as methanol and ethanol
are limited by their weak miscibility with diesel fuel. Additionally, they have potential to improve the cold flow
properties of diesel and biodiesel fuels as far as they remain within the miscible range. With the aim to quantify
these improvements, ethanol and n-butanol were blended with diesel and biodiesel fuels showing benefits in cold
filter plugging point, cloud point, pour point, freezing point and filterability from certain concentrations. At
intermediate alcohol contents, some properties were affected by the formation of a gelatinous phase or by phase
separation. For example, immiscible blends led to increases in cloud point and cold filter plugging point, but to
decreases in pour point. This information is useful to diagnose separation events in practical blends, and to
prevent filter clogging problems. Other n-alcohols were also tested to propose a general equation to predict cold
filter plugging point of alcohol blends in diesel and biodiesel blends. Results from filterability test, carried out at
ambient temperature, anticipate cold flow problems in miscible blends, but not in immiscible ones.

1. Introduction

Few years ago, European directive 2009/28/CE [1] targeted a sce-
nario where transport fuels will include up to 10% of biofuels in 2020.
More recently, European directive 1513/2015/CE [2] has proposed
that at least 0.5% of this renewable fraction should be advanced bio-
fuels (indicative target). Upcoming European Directive promotes the
use of advanced biofuels in the transport sector, increasing their con-
tribution target up to 3.6% [3]. Conventional biodiesel fuels are not
considered as advanced biofuels because they are not derived from
waste and agriculture residues, or non-food crops [4]. In addition to
this, filter plugging problems caused by some biodiesel components,
specially sterol glycosides and saturated monoacylglycerols, are re-
cently a matter of intensive discussions in scientific forums [5,6] and in
the normalization committees [7–9]. Therefore, new alternative
blending components for diesel fuels should be studied.

Among the renewable options, alcohols produced from waste or
lignocellulosic materials through advanced production techniques
constitute a sustainable alternative. Specifically, ethanol and n-butanol
are interesting options to reduce the life-cycle greenhouse emissions,

depending on their biological production processes [10,11]. N-butanol
can be produced through biochemical or chemical routes [12]. Among
the biochemical routes, the acetobutylicum fermentation (ABE) in
which carbohydrates are fermented by microorganisms to produce
acetone, ethanol and n-butanol, is the most widely used. However, this
route has some limitations in toxicity towards microorganisms and in
bacteriophage infection, and thus, in final n-butanol yield, and in eco-
nomic cost [13]. To avoid such limitations, researchers are recently
developing Clostridium genetic manipulations [14] which may lead to
better tolerance. Among the chemical options, the production of n-bu-
tanol from catalytic conversion of ethanol using the reaction of Guerbet
has also been developed [15]. Both processes are sustainable alter-
natives to the conventional petrochemical route based on propylene
oxo synthesis, in which aldehydes from propylene hydroformylation are
hydrogenated to yield n-butanol [16].

Bioalcohols are not only used to replace gasoline in spark-ignition
engines but also to replace diesel fuels in diesel engines. However, some
advantages of biodiesel with respect to petroleum diesel fuel such as
lack of aromatic content, higher flash point, higher solubility with al-
cohols and better lubricant performance, suggest the use of alcohol
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blends also with biodiesel fuels to exploit the benefits of both types of
biofuels [17–19]. Although most of the studies have been conducted
with ethanol, a lot of advantages can be found in the use of n-butanol as
blending component due to its higher cetane number, higher heating
value, better lubricity and higher viscosity [20,21]. More importantly,
n-butanol solves the problem of the instability of the blend at low
temperature due to its higher solubility in diesel fuels and conse-
quently, improves the cold flow properties and the filterability of the
blend [22].

Alcohol blends also have some benefits in engine emissions. Despite
literature showing that, with respect to diesel fuel, alcohol-diesel blends
increase THC emissions (specially at low load) [23,24], they decrease
particulate matter (PM) emissions [25], while there is no consensus
about CO [24,25] and NOX emissions [11,17,26]. Regarding PM emis-
sions, molecules with oxygen atoms single-bonded to a carbon atom
(such as alcohols and ethers) are more effective at reducing PM emis-
sions than those having double-bonds (such as alkyl esters) because the
oxygen in the alcohol or ether is more effective at suppressing soot than
the oxygen in the ester for equivalent oxygen content [27]. The two
oxygen atoms in the ester are linked to the same carbon atom and are
more likely to form CO2 and consequently, they may not contribute to
oxidize soot [28]. This was confirmed by Barrientos et al. group con-
tribution method [29], in agreement with other authors [30–32].

Recent biodiesel filter plugging problems reported in mild and cold
weather countries have been attributed to the crystallization of mono-
acylglycerols of saturated fatty acids, sterol glycosides and other im-
purities, thus causing operability problems [33,34]. As a consequence,
additional requirements have been proposed in both, European [35]
and non-European [36] countries. For this reason, the cold flow prop-
erties of alcohols as blending components should be studied to evaluate
their potential to improve the low temperature operability of diesel
vehicles. Among the cold properties: i) cold filter plugging point (CFPP)
evaluates the temperature at which the crystals produced in the fuel
cause the filter plugging, ii) cloud point (CP) indicates the temperature
at which a cloud of wax crystals first appears in a liquid when it is
cooled under specific conditions and, iii) pour point (PP) is the lowest
temperature at which the fuel can flow.

This work focuses on those properties that constitute an evident risk
for alcohol (ethanol and n-butanol) blends in diesel engines, namely the
stability of the blend, the filterability and cold flow properties.
Measurements were extended beyond the range of alcohol contents
with practical interest (limited to small alcohol contents). In fact, tests
were made from pure diesel or biodiesel blends to pure ethanol or n-
butanol, because knowledge of the trends for cold flow properties is
useful to diagnose separation events in practical blends, and thus to
prevent from filter clogging problems. The results obtained establish
the limits for alcohol blending with diesel and biodiesel fuels, and are
helpful to select the most adequate blends for a final use.

2. Experimental procedure and fuels

2.1. Fuel and blend properties

Table 1 shows the main properties of pure alcohols and diesel and
biodiesel as reference fuels.

Diesel fuel was supplied by the Spanish company Repsol. With the
purpose of evaluating the butanol effect, diesel fuel has no oxygen
content. It fulfils European standard EN 590 [44] and it is similar to
most diesel fuels delivered in Europe in winter. The hydrocarbon
composition of the diesel fuel tested was obtained by high resolution
mass spectrometry [45] and is shown in Table 2. As can be observed,
most of the hydrocarbons are saturated (around 75%).

Biodiesel fuel was donated by the Spanish company Bio Oils. It was
produced from soybean and palm oils, around 80% and 20%, respec-
tively, and it fulfils standard EN 14214 [46]. Table 2 also shows the
methyl ester profile of the biodiesel fuel. N-butanol was supplied by

Green Biologics Ltd., as a member of the NexT Generation Bio-butanol
“ButaNexT” project. Other alcohols such as ethanol, propanol and n-
pentanol were purchased from PanReac AppliChem.

Alcohols (ethanol or n-butanol) were blended with diesel fuel at
2.5%, 5%, 7.5%, 10%, 15%, 20%, 30%, 40%, 50%, 75%, and with
biodiesel fuel at 2.5%, 5%, 10%, 20%, 40% and 75%, all of them vo-
lume basis. The text matrix was mainly focused on low alcohol contents
due to the low cetane number of pure alcohols. Furthermore, some of
the cold flow properties could not be measured for diesel blends with
ethanol contents from 15% to 80% (volume basis) due to the weak
miscibility of the blend in this range [47].

Although the study is focused on ethanol and n-butanol blends, to
achieve a CFPP modelling equation for alcohol-biodiesel blends, addi-
tional biodiesel blends with other n-alcohols (propanol and n-pentanol)
at 2.5%, 5%, 10%, 20%, 40%, 75%, 90%, 95% and 98% (volume basis)
were tested.

2.2. Equipment

The cold flow properties studied for the blends defined above were
measured according to the following standards: cold filter plugging
point (EN 116/ASTM D6371), cloud point (EN 23015/ASTM D2500),
pour point (ISO 3016/ASTM D97) and filterability (IP 387/ASTM
D2068). Other properties such as blending stability and freezing point
were measured with Turbiscan and Differential Scanning Calorimetry
(DSC), respectively.

The device used to measure the Cold Filter Plugging Point was PAC-
FPP 5Gs whereas the instrument used for measuring cloud point and
pour point is PAC-CPP 5Gs. Cloud point is detected by optical sensors
and pour point is identified by tilting the sample while the detection
system precisely monitors the movement of the specimen surface, both
under a cooling process.

A Multi Filtration Tester purchased to Stanhope-Seta was used to
determine the FBT (Filter Blocking Tendency) of middle distillate fuel
oils and nonpetroleum liquid fuels such as biodiesel. Before performing
the filterability test, the sample is introduced at 4.4 °C for 16 h in a
Thermostatic bath purchased from PolyScience.

The blending stability was measured by means of an optical
equipment (Turbiscan). This device is specifically designed for the
characterization of liquid emulsion suspensions and solutions. It has an
infrared light source of 850 nm wavelength and two detectors operating
simultaneously (transmission and backscattering). The transmission
detector is situated in the prolongation of the light beam (0°) and re-
cords the percentage of light intensity which is not absorbed or scat-
tered. The backscattering detector is situated 135° with respect to the
trajectory of the light beam and receives the percentage of light in-
tensity scattered in that direction [47]. Tests were made at different
temperatures minimizing the exposure time to the ambient.

The freezing temperature tests were performed on a Differential
Scanning Calorimeter (DSC) model Q20 purchased from TA Instruments.
The DSC is a thermoanalytical technique which shows the heat release
rate as a function of time and temperature. This equipment detects the
temperature and the heat release when the sample crystallizes. The
temperature range varies from ambient temperature to −90 °C.

3. Results and discussion

3.1. Blend stability

A blend is considered unstable when any of the following patterns is
observed in the glass cell: separation into two different liquid phases,
gel formation around the interface, or gel formation at the bottom of
the cell [17]. The composition of the blend, the temperature and the
water content are the main factors that affect the blend stability. In
Fig. 1, lines have been drawn to delimit the stability region for blends of
diesel or biodiesel with ethanol or n-butanol, with limited water
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contents. Below the lines, the unstable region is widened when the
temperature decreases.

In the case of blends with diesel fuel, better stability is observed for
n-butanol blends with respect to ethanol blends because n-butanol has
lower polarity, due to the larger carbon chain of n-butanol and the
consequent lower importance of the hydroxyl group (–OH). Despite the
difference between their dipole moments being small (1.7 D for ethanol
and 1.66 D for n-butanol [43]), ethanol’s chemical structure and po-
larity are very different to most of the diesel fuel components, from
highly non-polar n-alkanes to moderately polar aromatic hydrocarbons
[48]. Consequently, a major drawback in ethanol-diesel fuel blends is
that ethanol is immiscible in diesel over a wide range of temperatures.
In low ethanol content diesel blends, the aromatic structures of diesel
fuel may dissolve ethanol, making the blend stable [49]. However, once

all the polar compounds in the diesel fuel have solved ethanol, the re-
maining ethanol (polar) is separated from the rest of the blend (non-
polar) [48]. This instability, which is also observed for n-butanol diesel
blends at much lower temperature, is manifested through gel formation
or phase separation even with very small water contents. If the water
content increases, then the stability region is notably narrowed [17,18].
However, in this case, water contents remain always below 0.3% w/w
(see Table 1), which is not expected to reduce the stability region sig-
nificantly [47]. Prevention of phase separation can be accomplished by
adding either an emulsifier, which acts as a suspender to the small
ethanol droplets within the diesel fuel [18,50], or a co-solvent, which
enhance the intermolecular interactions between polar molecules
acting as a bridging agent and thus producing a homogenous blend
[51].

Table 1
Properties of fuels used for blending.

Property Method Diesel Biodiesel Ethanol Propanol n-Butanol n-Pentanol

Purity (%, v/v) ∼ ∼ 99.5 99.5 99.5 98
Density at 15 °C (kg/m3) EN ISO 3675 842.0 883.5 792.0 803.7 811.5 814.8
Kinematic viscosity at 40 °C (cSt) EN ISO 3104 3.00 4.19 1.13 1.74 2.27 2.89
Lower heating value (MJ/kg) UNE 51123 42.93 37.64 26.84 30.63 33.20 34.65
C (wt%) 86.74 77.08 52.14 59.96 64.86 68.13
H (wt%) 13.26 11.91 13.13 13.42 13.51 13.72
O (wt%) 0 11.00 34.73 26.62 21.62 18.15
Water content (mg/kg) EN ISO 12937 41.70 352.10 2024 309 1146 2970
Molecular weight (kg/kmol) 208.20 291.26 46.07 60.09 74.12 88.15
H/C ratio 1.83 1.85 3 2.67 2.50 2.40
T10 (°C) EN ISO 3405 188.5 338.4
T50 (°C) EN ISO 3405 274.0 339.7
T95 (°C) EN ISO 3405 346.9 345.8
Boiling point (°C)a – – 78.37 97.1 117.4 137.9
Freezing Point (°C)a −114.1 −126.2 −89.8 −78.9
CFPP (°C) EN 116 −20 −1 <−51 <−51 <−51 −40
Cloud Point (°C) EN 23015 −4.1 2.1 <−120.7 −115.5
Pour Point (°C) ASTM D97 −21 0 <−120.7 <−120.7
Lubricity (WS1.4) (µm) EN ISO 12156-1 371 143 1057 922 571 670
Filterability ASTM D2068 1.02 2.35 1.00 1.00
Derived cetane number EN 16715 52.65 52.48 8b 12c 15.92 18.2d

Dipole moment (D) 1.68e 1.70f 1.66f

a Taken from Pooling et al. [37].
b Taken from Zelenka et al. [38] and Xiaolu et al. [39].
c Taken from Abou-Rachid et al. [40].
d Taken from Freedman and Bagby [41].
e Calculated from second-order contribution group method proposed by Müller et al. [42].
f Obtained from www.trimen.pl [43].

Table 2
Chemical composition of diesel and biodiesel blends (mass basis).

Diesel Biodiesel

Saturated Paraffins n-paraffins 14.11 Methyl esters Lauric C12:0 0.03
Isoparaffins 16.55 Myristic C14:0 0.21

Naphthenes Monocycloparaffins 20.52 Palmitic C16:0 15.62
Dicycloparaffins 12.62 Margaric C17:0 0.08
Tricycloparaffins 8.31 Stearic C18:0 3.77
Tetracycloparaffins 3.16 Arachidic C20:0 0.37

Behenic C22:0 0.40
Lignoceric C24:0 0.16

Unsaturated Monoaromatics Alkylbenzenes 4.37 Methyl esters Palmitoleic C16:1 0.11
Benzocycloparaffins 3.27 Margaroleic C17:1 0.04
Benzodicycloparaffins 2.48 Oleic C18:1 26.22

Diaromatics Naphthalenes 2.67 Linoleic C18:2 47.26
Acenaphthene and biphenyls 2.99 α-linolenic C18:3 5.39
Acenaphthylene and fluorenes 4.17 Gadoleic C20:1 0.25

Triaromatics Phenanthrenes 2.59
Pyrenes 1.15

Tetraaromatics Chrysenes 0.07
Sulfur Tiophenes 0.03
compounds Benzothiophenes 0.96
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Differently to diesel fuel, biodiesel fuel stabilizes ethanol blends.
Ethanol presents a good miscibility with biodiesel [18] because of their
similar polar character (see Table 1). Strong interactions are formed
between the hydroxyl group of ethanol and the ester group of biodiesel.
The intensity of these interactions is even enhanced by the formation of
hydrogen bonds which are attractive forces between the hydrogen at-
tached to an electronegative atom of one molecule and an electro-
negative atom of another different molecule [48]. However, while
biodiesel benefits stability when ethanol content is low, it induces a gel
formation at high ethanol contents [17]. In the case of n-butanol blends,
the mentioned stabilizing effect of biodiesel extends to even higher n-
butanol concentrations, and the gelification occurs at lower tempera-
tures. At low alcohol content, alcohol-biodiesel curves do not represent
blending stability, because the crystallization of saturated biodiesel
components reduce the transparency of the fuel. It should be noted that
both alcohols reduce the crystallization tendency from very low con-
tents.

3.2. Cold filter plugging point

Cold Filter Plugging Point (CFPP) results are displayed in Table 3 for
all tested blends, together with results for all other cold flow properties.
Both alcohols have lower CFPP than the diesel fuel tested, which is a
winter diesel fuel. It was not possible to measure the CFPP of ethanol-
diesel blends from 15 to 80% of ethanol (volume basis) because the
CFPP equipment cannot preheat the sample to avoid stability problems
within this range, see Fig. 1. The CFPP of pure alcohols could not be
measured because their expected values are below the measurement
range (lower limit is −51 °C).

Fig. 2 shows that none of the blends reduce significantly the CFPP of
diesel fuel until alcohol content is higher than 75% in volume. This
reduction starts at lower alcohol contents for n-butanol blends than for
ethanol blends. However, these high-content n-butanol blends are not
feasible due to their low cetane number.

Although ethanol-diesel blends for intermediate alcohol contents
could not be measured, a notable detrimental effect is expected due to
the weak miscibility of these blends. Consequently, these blends could
lead to filter plugging in cold weather countries. This detrimental effect
is much less noticeable for n-butanol-diesel blends, which would only
present plugging problems in severe arctic climates.

In the case of biodiesel blends, the plugging problems would appear
even in mild weather countries as a consequence of its saturated alky-
lester content. These saturated components, when the fuel temperature
decreases, would block the fuel flow along the injection system,
avoiding the fuel reaching the injectors and the combustion chamber
[52]. However, also in this case, n-butanol blends would reduce the
problem with respect to ethanol biodiesel blends for high alcohol
contents due to their better miscibility.

An equation was proposed in a previous work [53] to estimate the
Cold Filter Plugging Point of blends of alcohols (not only ethanol and n-
butanol but also propanol and n-pentanol) with diesel fuel. In order to
extend the range of application of this equation to alcohol-biodiesel
blends, propanol and n-pentanol were also tested, together with ethanol
and n-butanol.

The CFPP of some pure alcohols (ethanol, propanol and n-butanol)
could not be measured because these values are below the temperature
range of the equipment. As shown in Fig. 3, CFPP values decrease when
alcohol content increases in all cases. There are no significant differ-
ences between different alcohols blended with biodiesel up to 40%
(volume basis). However, for higher alcohol contents, the reduction in
the CFPP values is higher for long carbon chain alcohols, consistently
with their better miscibility in the range of negative temperatures,
despite the higher CFPP of these heavier alcohols when they are pure.

Similarly to alcohol-diesel blends, the CFPP of alcohols-biodiesel
blends has also been fitted to an equation similar to that proposed for
diesel blends.

In the equation proposed, the CFPPr is the Cold Filter Plugging Point
of the reference fuel (diesel or biodiesel), ni presents the number of
carbon atoms in the alcohol molecule and zi represents the volume
fraction of alcohol in percentage.

= + − −CFPP CFPP n z z A z(1 )r i
a

i
b

i
c

i i
Bi (1)

The second term simulates the increase in CFPP at intermediate
alcohol contents due to immiscibility and the third term describes,
through Ai and Bi coefficients, the sharp nonlinear reduction in CFPP for
high alcohol contents.

=
+A 10i

d e n( )i
f

(2)

= +B g n10i i
h (3)

Constants from a to h are detailed in Table 4.
The lower value (−10.5) of exponent a for biodiesel compared to

that for diesel (−4.5) is indicative of the higher miscibility of alcohols
with biodiesel fuels with respect to diesel fuel. For both, diesel and
biodiesel blends, alcohols with longer chains contribute to reduce CFPP
more than light ones (or not to increase CFPP so much, in the case of
diesel blends for intermediate alcohol content range).

3.3. Cloud point

Fig. 4 shows that, in general, the cloud point (CP) tendency is very
similar to that observed for blending stability. In fact, both measure-
ments determine the temperature at which any loss of light transmis-
sion through the sample is detected. To measure the cloud point of
ethanol-diesel blends in the unstable region, from 15% to 80% ethanol
content, the samples were previously preheated at a temperature above
the stability limit to ensure the miscibility of the components. The close
vessel of the CP/PP instrument was used to avoid evaporation of the
most volatile fractions.

Diesel fuel has lower cloud point than biodiesel fuel [5]. In general,
larger improvements in the cloud point were observed when n-butanol
was blended with both reference fuels (diesel or biodiesel) than when
ethanol was blended. This is anticipated visually because n-butanol
blends maintain the crystalline aspect at lower temperatures. Similarly
to the trend observed for both blending stability (Fig. 1) and CFPP
(Fig. 2), when diesel is blended with alcohols an increased trend is
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observed with increasing alcohol content, especially when it is blended
with ethanol at intermediate contents, as a consequence of the forma-
tion of a gelatinous phase due to molecular interaction. The attraction
between the hydroxyl group (–OH) of the alcohol molecule and the
aromatic hydrocarbons of the diesel fuel is weaker than that between
the hydroxyl group and the carboxyl group (–COO–) of the biodiesel
fuel [48]. As the alcohol-biodiesel attraction is stronger, these blends
are more stable and as a consequence, no gelatinous phase appears.
Since the cloud point is measured though optical sensors, the formation
of this gelatinous phase worsens the cloud point behaviour of blends
with weak stability.

Fig. 4 shows that only blends with alcohol contents higher than 85%
improve the cloud point of diesel fuel. Contrarily, biodiesel blends re-
duce gradually their cloud point when it is blended with both alcohols
(ethanol and n-butanol) even at low alcohol contents. This reduction is
higher for n-butanol blends because as the alcohol chain length be-
comes longer, the non-polar part of the molecule becomes increasingly
dominant and the affinity between n-butanol and biodiesel is higher
[48].

Table 3
Cold flow and filterability results for all tested blends.

Alcohol cont. %v/v n-Butanol-Diesel Ethanol-Diesel

CFPP (°C) CP (°C) PP (°C) FT (°C) FBT CFPP (°C) CP (°C) PP (°C) FT (°C) FBT

0 −20 −4.1 −21 −7.00 1.02 −20 −4.1 −21 −7.00 1.02
2.5 −18 −3.9 −20 −6.27 1.01 −3.6 −20 −6.75
5 −18 −3.6 −20 −6.20 1.01 −18 −3.7 −20 −6.72 1.01
7.5 −20 −3.3 −20 −6.67 7.7 −20 −6.41
10 −21 −3.3 −21 −6.50 1.01 −17 19.7 −21 −6.74 1.01
15 −21 −3.0 −21 −6.32 −15 21.8 −35 −6.86 1.01
20 −20 −2.5 −20 −5.32 1.00 27.9 −41 −7.00
30 −14 −1.6 −21 −4.68 33.4 −6.38
40 −14 −1.0 −22 −3.94 1.00 32.7 −47 −6.06
50 −21 −0.1 −24 −2.77 −4.85
60 29.2 −32
75 −27 −2 −31 −0.63 1.01
80 −5 22.7 −28 1.18
95 −50 −8.4 −80 −18 −119.8 −74
100 <−51 −115.5 <−120.7 1.00 <−51 <−120.7 <−120.7 1.00

Alcohol cont. %v/v n-Butanol-Biodiesel Ethanol-Biodiesel

CFPP (°C) CP (°C) PP (°C) FT (°C) FBT CFPP (°C) CP (°C) PP (°C) FT (°C) FBT

0 −1 2.1 0 −1.70 2.36 −1 2.1 0 −1.70 2.36
2.5 −2 1.7 −1 −2.51 1.20 −2 1.8 −1 −2.35 1.23
5 −2 1 −1 −2.92 1.26 −2 1.3 −1 −2.71 1.18
10 −3 0.4 −2 −3.48 1.53 −3 0.8 −2 −1.71 1.26
20 −4 −0.7 −2 −4.18 1.35 −4 0.2 −2 −1.23 1.35
40 −5 −2.8 −4 −5.73 1.23 −5 −0.4 −3 −1.07 1.44
60 −7
75 −9 −7.4 −62 −7.67 1.15 −6 −2.2 −7 −0.18 1.9
90 −18 −12
95 −24 −21.6 −97 −18 −13.5 −72
100 <−51 −115.5 <−120.7 1.00 <−51 <−120.7 <−120.7 1.00
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Fig. 3. Cold Filter Plugging Point for biodiesel blends.

Table 4
Fitting parameters for the CFPP equation.

Constant Diesel Biodiesel

a −4.5 −10.5
b 1 1.4
c 0.5 0.1
d −18.65 −16.03
e 0.006 3.76
f 4.5 0.75
g −0.002 −2.97
h 5 0.57
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3.4. Pour point

Similarly to the procedure used to measure the cloud point of
ethanol-diesel blends from 15% to 80% ethanol content, the samples
within this range were preheated previously to the pour point (PP)
measurements. Fig. 5 shows that, in general, the pour point tendency is
very similar to that observed for CFPP. The weak miscibility of ethanol-
diesel blends leads to a sharp drop in the pour point for intermediate
ethanol content. This tendency can be explained because both phases
are separated at low temperature and only ethanol flows from the upper
phase, thus supporting the pour point test. This phase separation was
confirmed visually by stopping some of the tests in the middle of the
pouring process.

Biodiesel blends reduce gradually their pour point when it is
blended with both alcohols (ethanol and n-butanol). This reduction is
higher from 60 to 75% onwards, especially for n-butanol blends be-
cause of the higher n-butanol-biodiesel affinity, as explained in previous
section. Therefore, blending biodiesel with n-butanol is expected to
avoid the cold flow problems typically associated with biodiesel fuels.

Comparing the cloud point and the pour point tendencies at the
unstable region of ethanol-diesel blends, it can be observed that the
cloud point of these blends increases because the turbidity appears at
higher temperatures, whereas the pour point decreases because only the
separated ethanol phase (upper phase) acts as a liquid medium, thus
flowing even at temperatures below the pour point of the diesel fuel.

3.5. Freezing temperature and heat release

Peaks in the heat release rate curves from Differential Scanning
Calorimeter (DSC) are associated with a phase change of fuel or blends.
Heat release rate curves for diesel fuel, biodiesel fuel and pure alcohols
are shown in Fig. 6a.

Two peaks can be observed in the heat release rate curve for bio-
diesel fuel. The peak on the right (-2°C) is related to the saturated
compounds (which amount around 21% of the total mass as shown in
Table 2) and the peak on the left (-57 °C) is related to the mono-
unsaturated ones (which amount around 26%). In the diesel fuel curve,
only one minor peak is detected because its composition is much more
dispersed into a wide number of different hydrocarbons. Since this peak
is hardly visible, a zoom has been made. The temperature for this peak
is around -7°C.

With regard to alcohols, their freezing points are out of the mea-
surement range. On the contrary, some basal heat release rate can be
observed, which is higher for ethanol than for n-butanol. This could be
explained because as the temperature is decreased there is some con-
densation of vapours in the crucible. Since both, the vapour pressure
and the latent heat of vaporization are higher for ethanol than for n-
butanol (see Table 1), the basal heat release associated with this con-
densation is also higher. The higher specific heat at constant pressure
(Cp) of ethanol (2436.6 J/kg·K) with respect to that of n-butanol
(2388.7 J/kg·K) also contributes to this result.

Fig. 6b shows the heat release for these blends with 10% alcohol in
diesel or biodiesel fuel. The heat release rate and the freezing tem-
perature are very similar for Bu10D and Et10D as can be observed in
the zoom attached. When alcohols are blended with biodiesel fuel, the
amount of heat release is reduced proportionally to the alcohol content,
and the freezing temperature is also reduced in both cases, especially
for n-butanol.

Different peaks are observed from a fuel or blend test, but only the
highest temperature is displayed (first-peak freezing temperature) in
Fig. 7. This figure shows that, similarly with other cold properties, the
freezing temperature of biodiesel is higher than that for diesel fuel. No
results were obtained for pure alcohols (ethanol and n-butanol) and
ethanol-diesel blends over 50% ethanol content, because the heat re-
lease rate peak is not intense enough to be detected.

For n-butanol blends, trends are very similar to miscibility trends. In
the case of n-butanol-diesel blends, although up to 15% n-butanol
content, the freezing temperature remains approximately constant
(meaning that the alcohol content is not enough to increase sig-
nificantly the freezing temperature), from 15% onwards, the first-peak
freezing temperature increases as a consequence of the formation of
first crystals which lead to a gelatinous phase. For n-butanol-biodiesel
blends, similarly to the trend observed in Fig. 1, n-butanol reduce the
freezing temperature.

For ethanol blends, DSC results do not reproduce exactly the mis-
cibility trend. While Fig. 1 shows a sharp peak for ethanol-diesel blends
from 15% of ethanol content, DSC results show this increasing trend
from higher ethanol content. This discrepancy indicates that the loss of
miscibility is not only associated with the crystallization of fuel com-
pounds.

3.6. Filterability

The Filter Blocking Tendency (FBT) is the relation between the fuel
volume flowing through a standardized filter and the pressure drop
across the filter reached during the test at ambient temperature (stan-
dard ASTM 2068 considers the range 15–25 °C as acceptable). The
minimum FBT value is 1, which indicates good filterability while higher
values of FBT indicate worse filterability, with 2.52 representing a
higher limit in some local standards such as UK or Australia [35,36].

For all the tests carried out in this study, ambient temperature re-
mained between 21 and 25 °C (at which the unstable region for ethanol-

-30

-20

-10

0

10

20

30

40

0 10 20 30 40 50 60 70 80 90 100

Cl
ou

d 
Po

in
t (

°C
)

Alcohol (%v/v)

Butanol-diesel
Ethanol-diesel
Butanol-biodiesel
Ethanol-biodiesel

Fig. 4. Cloud Point for tested blends.

-75

-65

-55

-45

-35

-25

-15

-5

5

0 10 20 30 40 50 60 70 80 90 100

Po
ur

 P
oi

nt
 (°

C)

Alcohol (%v/v)

Butanol-diesel
Ethanol-diesel
Butanol-biodiesel
Ethanol-biodiesel

Fig. 5. Pour Point for tested blends.

M. Lapuerta et al. Fuel 224 (2018) 552–559

557



diesel blends ranges between 20 and 70% v/v). Pure biodiesel fuel led
to the highest FBT values, while pure diesel fuel and pure alcohols have
no filterability problems, as shown in Fig. 8. Small alcohols contents
improve the filterability of biodiesel. The improvement is similar for
both alcohols. However, for higher alcohol contents, the filterability is
negatively affected by the strong interactions between the polar alcohol
molecules, especially ethanol, and the polar molecules in reference
fuels, especially those from biodiesel [17,47]. At ambient temperature,
these interactions do not lead to phase separation but induce a certain
gelification which reduces filterability. Consequently, filterability re-
sults anticipate cold filter plugging problems for miscible blends, al-
though do not so with blends that become unstable at reduced tem-
perature (such as ethanol-diesel blends).

4. Conclusions

The following conclusions can be drawn from the present study:

• N-butanol blends show in general better cold flow properties than
ethanol blends due to their better miscibility. In particular, ethanol-
diesel blends with intermediate alcohol content have weak mis-
cibility. Biodiesel fuel acts as a stabilizing component because strong
interactions occur between the hydroxyl group of the alcohol and
the ester group of biodiesel.

• Although the CFPP of ethanol-diesel blends for intermediate alcohol
contents cannot be measured due to the weak miscibility of these
blends, it is expected that these blends could lead to filter plugging
in cold weather conditions. This problem is much less noticeable for
n-butanol-diesel blends, which could present plugging problems
only in severe arctic conditions. As biodiesel blends have plugging
problems even in mild weather conditions, alcohol biodiesel blends
would reduce their CFPP problems.

• No significant differences in CFPP were observed between different
alcohols blended with biodiesel up to 40% (volume basis). However,
for higher alcohol contents, the reduction in the CFPP values is
higher for long carbon-chain alcohols despite the CFPP of these
heavier alcohols being higher.

• A modelling equation, previously proposed for alcohol-diesel
blends, has been extended to alcohol-biodiesel blends. This equation
distinguishes the effect of phase separation or gelification at inter-
mediate alcohol contents from the non-linear fluidification effect at
high alcohol contents.

• The cloud point of ethanol-diesel blends with intermediate alcohol
contents increases with respect to that of diesel fuel because the
turbidity appears at higher temperature whereas the pour point of
these blends decreases because only the separated ethanol phase
flows.

• First-peak freezing temperature follows very similar trends to those
observed for miscibility in the case of n-butanol blends. However, in
the case of ethanol, the sharp peak observed in freezing tempera-
tures occurs from higher ethanol contents than that observed in
miscibility, suggesting that the loss in miscibility is not only asso-
ciated with crystallization.

• Filterability results, despite being measured at ambient temperature,
anticipate cold filter plugging problems for miscible blends, but not
for blends that become unstable at reduced temperature, such as
ethanol-diesel blends.

• Knowledge of the trends for cold flow properties is useful to prevent
from phase separation or filter clogging problems, as well as to

Fig. 6. a) DSC thermogram for pure fuels and b) DSC thermogram for blends with 10% alcohol (volume basis).

Fig. 7. First-peak freezing temperature obtained with DSC for tested blends.

Fig. 8. Filter blocking tendency for tested blends.
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establish the limits for alcohol blending with diesel and biodiesel
fuels when blends are selected for final use.
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High-pressure versus low-pressure
exhaust gas recirculation in a Euro 6
diesel engine with lean-NOx trap:
Effectiveness to reduce NOx emissions
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Abstract
Exhaust gas recirculation can be achieved by means of two different routes: the high-pressure route (high-pressure
exhaust gas recirculation), where exhaust gas is conducted from upstream of the turbine to downstream of the com-
pressor, and the low-pressure one (low-pressure exhaust gas recirculation), where exhaust gas is recirculated from
downstream of the turbine and of the aftertreatment system to upstream of the compressor. In this study, the effective-
ness of both exhaust gas recirculation systems on the improvement of the NOx-particulate matter emission trade-off
has been compared on a Euro 6 turbocharged diesel engine equipped with a diesel oxidation catalyst, a lean-NOx trap,
and a diesel particulate filter. Emissions were measured both upstream and downstream of the aftertreatment system, at
different combinations of engine speed and torque (corresponding to different vehicle speeds), at transient and steady
conditions, and at different coolant temperatures as switch points to change from high-pressure exhaust gas recircula-
tion to low-pressure exhaust gas recirculation. It was shown that low-pressure exhaust gas recirculation was more effi-
cient than high-pressure exhaust gas recirculation to reduce NOx emissions, mainly due to the higher recirculation
potential and the lower temperature of the recirculated gas. However, such a differential benefit decreased as the cool-
ant temperature decreased, which suggests the use of high-pressure exhaust gas recirculation during the engine warm-
up. It was also shown that the lean-NOx trap storage efficiency decreased more rapidly at high engine load than at
medium load and that such reduction in efficiency was much faster when high-pressure exhaust gas recirculation was
used than when low-pressure exhaust gas recirculation was used.
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Introduction

NOx emissions from diesel engines have harmful effects
on human health1 and on the environment2 and are
therefore limited by stringent regulations. To satisfy
such limits, internal measures must be combined with
aftertreatment systems. One of the most effective inter-
nal measures is exhaust gas recirculation (EGR). EGR
can be achieved by means of two different routes: in
the high-pressure route (high-pressure exhaust gas
recirculation (HP-EGR)), exhaust gas is conducted
from upstream of the turbine to downstream of the
compressor. In the low-pressure one (low-pressure
exhaust gas recirculation (LP-EGR)), exhaust gas is
recirculated from downstream of the turbine and of the
aftertreatment system to upstream of the compressor.
Although few years ago the usual practice in

production engines was HP-EGR, modern turbo-
charged Euro 6 diesel engines often include both
routes, either alternatively or simultaneously,3 not only
in two-stage turbocharging but also in simple-stage tur-
bocharging configurations.4

In the usual calibration strategy, HP-EGR is active
from the engine start to a given coolant temperature
below the nominal switch temperature.5 This EGR
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route is often uncooled to help the engine to warm up.
From this point onwards, the HP-EGR is disabled and
the cooled LP-EGR is activated instead. HP-EGR pro-
vides faster response and better transient control than
LP-EGR due to smaller volume and length of the
ducts,6–8 but has a number of drawbacks, namely, it
has lower recirculation potential as a consequence of
thermal throttling;9,10 it involves higher concentration
of pollutants (which leads to deposits in the EGR duct
and cooling system, if there is any); it permits less pre-
cise and less linear control through lambda sensors
due to non-homogeneities in the air-exhaust gas
mixture;11,12 and it provides lower efficiency in com-
pressor and turbine since they work closer to the surge
line.7 In addition, the recirculated flow can be exter-
nally enhanced by partially closing a valve located
downstream of the aftertreatment system in order to
increase the back pressure.

Among the aftertreatment systems, Euros 6 engines
use lean-NOx trap (LNT) and selective reduction cata-
lyst (SCR)13 or combination of both.14 In any case,
stringent NOx and particulate matter (PM) emission
limits, together with very high retention efficiency of
particulate filters, have led to engine designers to pro-
pose aggressive use of EGR,15 as a means to reduce
NOx concentration previously to the aftertreatment
system. Such high EGR ratios lead to limited intake air
dilution and thus to reductions in the combustion effi-
ciency and to enhanced emissions.16 In this context, an
evaluation of the efficiency of the different EGR routes
to reduce NOx emissions is helpful for engine
calibrations.

In particular, combining EGR with LNT in Euro 6
engines requires detailed knowledge of the inter-effects
between them. LNT adsorbs NOx at lean conditions
and moderate temperature (200–400 �C) and further
desorbs at rich conditions, which requires additional
fuel injection and higher temperature. In the mentioned
range for NOx absorption, it has been proved that
increasing temperature increases the absorption effi-
ciency from less than 30% to more than 80% except in
the case that LNT is close to saturation.17 Sudden lean-
ing after injection has also shown to be beneficial for
further recombination of residual stored NOx.18 Other
effects of the EGR route, such as residence time and
pressure, might also affect the LNT retention efficiency.

Experimental installation and
instrumentation

Engine test bench

A Euro 6 Nissan 1.5 dCi engine (model K9K) was used
in this study. This is a four-cylinder turbocharged,
intercooled, direct-injection diesel engine, which is
equipped with double EGR system, one low-pressure
cooled EGR (LP-EGR) and another high-pressure
non-cooled EGR (HP-EGR). In addition, the after-
treatment system includes a diesel oxidation catalyst

(DOC), a lean-NOX trap (LNT), and a regenerative
wall-flow-type diesel particulate filter (DPF). A scheme
of the installation is shown in Figure 1.

Only one of the EGR loops, either LP-EGR or HP-
EGR, can be activated at the same time. Two para-
meters are used to control the type of EGR loop. These
two parameters are the coolant and intake air tempera-
tures. HP-EGR is activated at low coolant or low
intake air temperatures in order to prevent water con-
densation at the intake pipe, whereas LP-EGR is acti-
vated when a minimum coolant temperature is reached
and the intake air temperature is high enough, as shown
in Figure 2. When the LNT purge is operating, HP-
EGR is also activated, regardless of the coolant tem-
perature. The EGR mass flow rate is controlled with a
single valve for the HP-EGR loop and with two valves
in the case of the LP-EGR loop. In this latter case, the
EGR mass flow is controlled in two steps: for low mass
flow rates, the system opens the low-pressure EGR
valve (Figure 1) while the back-pressure valve is fully
opened. For high EGR mass flow rates, the system
closes partially the back-pressure valve to increase the
back pressure, keeping the low-pressure EGR valve
fully opened and consequently increasing the EGR
mass flow rate.

The engine was coupled, with a rotating shaft, to an
asynchronous electric dynamometer (Schenck Dynas
III LI 250), which controls the engine speed and tor-
que. The control system of the dynamometer includes a
road load simulation (RLS) system from Horiba, which
is able to simulate the dynamics of a vehicle (with a
particular transmission, gearbox, aerodynamics, tires,
etc.). In this work, a Nissan Qashqai 1.5 dCi vehicle
was simulated during the tests.

Communication with control unit

The INCA PC software and the ETAS ES 591.1 hard-
ware were used for the communication between the user
and the electronic control unit (ECU) of the engine.
Among the original settings of the engine mapping,
only those related to the EGR management were modi-
fied. This was made in order to use the two types of
EGR (HP-LP) independently of the original manufac-
turer operation settings. Therefore, operating para-
meters such as fuel injection strategy, among others,
were not externally controlled during the tests. The inlet
air mass flow rate and the fuel consumption were mea-
sured with the original engine sensors and registered
with the INCA PC software. The fuel consumption
measurement was previously calibrated with an AVL
733s fuel gravimetric system.

Emissions instrumentation

Particle size concentrations were determined with an
Engine Exhaust Particle Sizer Spectrometer (EEPS)
model 3090 from TSI. The EEPS sampling point was
placed upstream of the diesel particle filter (DPF). As
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the EEPS instrument needs special temperature and
dilution conditions of the inlet gas, the sample gas was
first diluted with a rotating disk diluter (RD) model
MD19-2E using dilution air supplied by a thermal con-
ditioner (TC) model ASET15-1. The diluted exhaust

gas is introduced in the evaporating tube of the
ASET15-1 where the temperature is increased to
300 �C. After that, the aerosol flows into a mixing
chamber for the second dilution in order to cool down
the aerosol temperature and to reduce the thermo-
phoretic losses. The RD temperature was set at 150 �C
to avoid hydrocarbon condensations. Dilution factors
and thermophoretic and diffusion losses were taken
from the calibration certificates provided by Matter
Engineering AG. Primary dilution factor at RD was
64.73:1 and secondary dilution factor at the TC was
6.18:1, leading to a total dilution factor of 400:1.

Total hydrocarbon (THC) emissions were sampled
through a heated line, pump, and filter (190 �C) and
were measured with a flame ionization detector
Graphite 52M-D. Carbon monoxide and carbon diox-
ide emissions were measured with a NDIR detector
MIR 2M. NOX emissions were measured using a che-
miluminescence Topaze 3000 analyzer. Gaseous emis-
sions were also sampled upstream of the aftertreatment
system. All these emission analyzers are integrated in a
modular system purchased from Environnement, which
also includes the electro-valves and software necessary
to commute between sample gas, zero gas, and calibra-
tion gases.

Figure 2. Control strategy for HP-EGR and LP-EGR.

Figure 1. Scheme of the experimental setup.
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Fuel

The diesel fuel used was supplied by Repsol (Spain)
and it fulfills the European standard EN 590. This is a
first-fill diesel fuel, with no biodiesel content, and with
enhanced cold-flow properties, which makes it useful
for arctic climates. Its main properties are shown in
Table 1.

Experimental matrix

All tests were based on the NEDC (New European
Driving Cycle). NOx, CO, and THC emissions were
measured both upstream and downstream of the after-
treatment system, while particle emissions were only
measured upstream, due to the high retention efficiency
of the DPF. First, tests were made with full HP-EGR
and with full LP-EGR at different combinations of
engine speed and effective torque (corresponding to dif-
ferent vehicle speeds), at steady conditions selected
from NEDC. Second, tests were made along the LNT
loading process, in order to check the loss of efficiency
in NOx retention. Third, tests were also made cover-
ing the engine heating process during the whole
NEDC, to compare which of the EGR routes is more

efficient in emissions reduction and which is the
most appropriate cooling temperature to switch from
HP-EGR to LP-EGR.

Results and discussion

Compared efficiency of HP-EGR and LP-EGR

Stationary modes were chosen from the NEDC. Table 2
shows the speed and torque associated with each station-
ary condition as well as other parameters such as fuel
and air consumption. Torque and speed (which are quite
precisely controlled with the brake) and intake air mass
flow rate were maintained independently of the EGR
used (HP or LP). Only in the case of 100 km/h, it was
impossible to keep the intake air flow rate constant
because of the increase in fuel consumption observed
when HP-EGR was selected. At this condition, the
equivalence ratio was kept constant instead of the
air flow rate to avoid excessive equivalence ratio for
HP-EGR. All emissions shown in this section were
measured upstream of the aftertreatment system,
since the aim was to compare the internal efficiency
of the different EGR loops, regardless of the effi-
ciency of the aftertreatment system.

Differences in CO2 emissions (Figure 3, left) between
EGR routes are the consequence of the differences on
brake efficiency. No significant differences in CO2 emis-
sions were observed for 32, 50, and 70km/h operating
modes, but the difference at 100km/h was around 8%,
as a consequence of the higher efficiency at this mode
when LP-EGR was used due to lower pumping losses.
On the contrary, the EGR ratio (defined as the ratio
between recirculated mass flow rate and total exhaust
flow rate) was always higher with LP-EGR because of
the higher boosting of the EGR flow derived from the
partial closure of the back-pressure valve and because
of the lower gas temperature (Figure 3, right and
Table 2).

Since the EGR flows (and thus the air dilutions)
were different for HP-EGR and LP-EGR, and since
the sampling point is located upstream of the branch
extracting flow toward the LP-EGR, the comparison

Table 1. Fuel properties.

Property Method Diesel

Density at 15 �C (kg/m3) EN ISO 3675 829
Kinematic viscosity at 40 �C (cSt) EN ISO 3104 2.92
Lower heating value (MJ/kg) UNE 51123 42.91
C (wt%) 86.2
H (wt%) 13.8
Water content (mg/kg) EN ISO 12937 24.23
T10 (�C) ASTM D86 229
T50 (�C) ASTM D86 261.5
T90 (�C) ASTM D86 293
Stoichiometric fuel/air ratio 1/14.63
CFPP (�C) EN 116 –24 �C
Cloud point (�C) EN 23015 –22.2 �C
Lubricity (WS1.4) (mm) EN ISO 12156-1 332
Derived cetane number EN 16715 55.93

CFPP: cold filter plugging point.

Figure 3. CO2 tailpipe emissions (left) and EGR ratios and EGR mass flow rates (right) measured with LP-EGR and HP-EGR routes.
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between the HP and LP routes was made in concentra-
tion (ppm) rather than in absolute flow rate (g/s).
Therefore, differences will be qualitatively indicative of
engine emissions (if no aftertreatment system is
installed). Figure 4 shows that, despite LP-EGR is not
beneficial for unburned hydrocarbons and carbon
monoxide emissions (Figure 4, left) and for particle
number emissions (Figure 4, right), it is very beneficial,
with respect to HP-EGR, for NOx emissions (Figure 5).
This trend is in agreement with that shown in other
studies.3,9,19 Reductions in NOx emissions for LP-EGR
range between 40% at low loads (32 km/h) and 80% for
high loads (100 km/h). This benefit is even higher for
nitrogen monoxide (directly affected by the reduction in
combustion temperature, which inhibits the thermal
mechanism20) than for nitrogen dioxide (which is only
indirectly affected). It can also be observed from the
particle size distributions (Figure 6, left) that such
increase in the particle number when LP-EGR is used is
not associated with any decrease in particle mean dia-
meter. These trends can be explained by a combination
of two factors: the increased EGR ratio with LP-EGR
(Figure 3, right) and the lower temperature of the recir-
culated gas, which is consequence of the longer route
and of the EGR cooler.

The higher effectiveness on NOx suppression with
increasing engine load (and thus vehicle speed), as well
as the associated increase in mean diameter, has been
widely reported in the literature.21 Temperature reduc-
tions of the recirculated gas and increases in fuel–air
ratio have both been identified as effect enhancers for
EGR.10,22

Table 2. Engine parameters during steady HP-EGR and LP-EGR tests.

Stationary
velocity (km/h)

Speed
(r/min)

Torque
(N m)

Power
(kW)

Fuel
consumption
(g/s)

Air
consumption
(g/s)

Equivalence
ratio

EGR flow
rate (g/s)

HP-EGR 32 2072 6.5 1.4 0.253 17.24 0.213 6.413
50 1392 20.6 3.0 0.266 10.84 0.356 4.406
70 1515 38.1 6.0 0.439 13.50 0.471 3.882
100 1859 74.7 14.5 1.072 22.92 0.678 4.661

LP-EGR 32 2072 6.2 1.3 0.259 17.24 0.218 11.330
50 1392 20.1 2.9 0.270 10.84 0.361 8.638
70 1515 38.7 6.1 0.437 13.50 0.469 8.494
100 1859 74.5 14.5 0.970 20.73 0.679 13.433

EGR: exhaust gas recirculation; HP-EGR: high-pressure exhaust gas recirculation; LP-EGR: low-pressure exhaust gas recirculation.

Figure 4. THC and CO concentrations (left) and particle concentrations (right) upstream of the aftertreatment system with
LP-EGR and HP-EGR routes.

Figure 5. NOx concentrations (including NO and NO2)
upstream of the aftertreatment system with LP-EGR and
HP-EGR routes.
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LNT loading process at different vehicle speeds

NOx adsorption in the LNT occurs at lean conditions
as mentioned above. At such lean conditions, the stor-
age efficiency of the LNT was investigated for both
EGR routes at two engine operation modes, corre-
sponding to 70 and 100km/h. A DPF regeneration pro-
cess and LNT purge were made as a preconditioning
procedure before starting the test. NOx concentrations
were measured alternatively upstream and downstream
of the aftertreatment system.

To compare the effect of the EGR route on the stor-
age efficiency of the LNT, it must be considered that
LNT works under different conditions depending on

the EGR route: LP-EGR operates under lower tem-
perature (as a consequence of EGR cooling and longer
route), with lower residence time (as a consequence of
higher gas flow rate, since LNT is inside the loop), and
slightly higher pressure (as a consequence of partial clo-
sure of the back-pressure valve).

Figure 7 shows the time-resolved NOx emissions in
g/s upstream and downstream of the LNT, as well as
the storage efficiency, which was obtained as unity
minus the ratio of both NOx measurements.
Measurements were made downstream for most of the
test time, and upstream measurements were made at
the start of the test and then periodically. Solid lines
represent real measurements while dashed lines are

Figure 6. Particle size distributions (left) and mean particle diameters upstream of the aftertreatment system (right) with
LP-EGR and HP-EGR routes.

Figure 7. NOx emissions upstream and downstream of the LNT for LP-EGR and HP-EGR routes (left) and LNTefficiency
(right) for two engine modes corresponding to 70 km/h (above) and 100 km/h (below).
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interpolations between real measurements when data
was not available as a consequence of the need to share
the same gas analyzer. The engine conditions did not
change during the tests.

As a consequence of the higher NOx emission rates
for HP-EGR (and even higher NOx concentrations,
although not shown in Figure 7), the storage efficiency
decays strongly in a shorter time. For HP-EGR at
100km/h mode, a sharply decreasing efficiency is
observed from the beginning, and only 10% storage
efficiency is finally achieved after 200 s. This implies
that, in case of using HP-EGR at this condition, the
LNT storage capacity would be clearly undersized.
Such a decrease in the efficiency is not so fast at 70km/h,
showing that, as far as enough active sites remain (during
the first 500 s of the test), NOx adsorption is not influ-
enced by the EGR route. Furthermore, residence time
and temperature are not playing an important role since
LP-EGR has the same storage efficiency than HP-EGR
despite the shorter residence time and the lower
temperature.

Taking the 70% as the minimum of efficiency
required to activate the purging process, HP-EGR
would lead to 7.5 times higher purging frequency than
LP-EGR for the 100km/h mode and twice higher pur-
ging frequency than LP-EGR for 70 km/h. This fact
penalizes the fuel consumption by post-injection during
the LNT purging process.

Effect of engine coolant temperature as a switch
point from HP-EGR to LP-EGR

After analyzing the effect of the EGR route under
steady conditions, the engine was tested simulating the
NEDC by means of the RLS system (see section
‘‘Engine test bench’’). In all cases, pollutant concentra-
tions were multiplied by the flow rate at the tailpipe
(which in the case of LP-EGR is not equivalent to the
flow rate through the aftertreatment system) in order
to simulate real engine-out emissions assuming that
there is no aftertreatment system.

Engine coolant temperature is one of the parameters
selected to manage the shift between EGR loops during
the engine warming up (Figure 2). European certifica-
tion procedures for commercial vehicles23 must follow
a cycle emission test from cold start. This means that
vehicle emissions were evaluated including the engine
warming up. In this study, tests were made taking dif-
ferent coolant temperatures as switch points to change
from HP-EGR to LP-EGR.

Figure 8 shows the instantaneous and accumulated
emissions for all the cases, and differences in average
specific emission between the different tests are shown
in Figure 9, together with average specific fuel con-
sumption. Results show a trade-off between particle
number and NOx emissions. For all tests except full
HP-EGR, the extraurban stage (with highest load) is

Figure 8. Instantaneous and accumulated emissions during NEDC for switches from HP-EGR to LP-EGR at different coolant
temperatures.
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entirely made with LP-EGR, and this stage is the most
contributing one to NOx emissions. This explains the
much higher emissions for full HP-EGR with respect
to the rest of tests. In the extraurban stage, the benefits
of the LP-EGR are more evident. The lower NOx emis-
sions for LP-EGR can be explained by the lower tem-
perature for LP-EGR and by the higher EGR ratios
and are consistent with results shown in section
‘‘Compared efficiency of HP-EGR and LP-EGR.’’

On the contrary, CO and THC emissions decrease
slightly and linearly with increasing coolant tempera-
tures as switch points, because the time with LP-EGR
becomes shorter. The decrease in particle emissions is
even sharper for early switches than for late ones. The
combination of the mentioned benefits in NOx emis-
sions and drawbacks in CO, THC, and particle emis-
sions, with no significant effect on fuel consumption,
suggest that switching from HP-EGR to LP-EGR at
an intermediate coolant temperature would be the most
interesting strategy. This optimal switch should be
made, in any case, before the start of the extraurban
mode.

In addition, the use of HP-EGR during the initial
part of the engine warm-up is helpful for a faster
warm-up, since the recirculated gas enters hotter into
the combustion chamber, thus avoiding water

condensation in the intake manifold and contributing
to shorten the time with highest emissions and lowest
engine efficiency.

Conclusion

The main conclusions of this study are listed below:

� LP-EGR shows clear benefits in the trade-off
between NOx and particle emissions. NOx emis-
sions can be reduced with LP-EGR up to 80% with
respect to those with HP-EGR for high loads.

� The LNT storage efficiency decays strongly when
the LNT is close to saturation, no matter if LP-
EGR or HP-EGR is used. As far as enough active
sites remain, NOx adsorption is not affected by the
EGR route. Residence time and temperature do
not have a primary effect.

� HP-EGR would need up to 7.5 times purging fre-
quency than LP-EGR at high loads, and twice
higher purging frequency at moderate loads.

� During the engine warm-up, switching from HP-
EGR to LP-EGR at an intermediate coolant tem-
perature is beneficial for emissions. Switching from
HP-EGR to LP-EGR at cold engine conditions has
no significant benefits in NOx emissions, while it
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Figure 9. Average specific fuel consumption and emissions along the NEDC for switches from HP-EGR to LP-EGR at different
coolant temperatures.
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has penalties in the rest of emissions (particles, CO,
and THC), and could lead to water condensation in
the intake manifold.
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h i g h l i g h t s

� Primary particles emitted from B20
combustion are smaller than diesel
fuel particles.
� PM agglomerate emitted from B20
have lower fractal dimension and
smaller size than diesel fuel particles.
� The effect of post-injection strategy
on PM characteristics has been
carried out for B20 and diesel.
� Post-injection strategy with diesel
fuel operation is unfavourable for
DOC activity.
� PM/soot influence on DOC
performance is lower for butanol
blend (B20) compare to ULSD.
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a b s t r a c t

Decoupling the dependences between emission reduction technologies and engine fuel economy in order
to improve them both simultaneously has been proven a major challenge for the vehicle research com-
munities. Additionally, the lower exhaust gas temperatures associated with the modern and future gen-
eration internal combustion engines are challenging the performance of road transport environmental
catalysts. Studying how fuel properties and fuel injection strategies affect the combustion characteristics,
emissions formation and hence catalysts performance can unveil synergies that can benefit vehicle emis-
sions and fuel economy and as well as guide the design of next generation sustainable fuels. The exper-
imental work presented here was conducted using a modern single-cylinder, common rail fuel injection
system diesel engine equipped with a diesel oxidation catalyst (DOC). The impact of the fuel post-
injection strategy that is commonly used as part of the aftertreatment system function (i.e. regeneration
of diesel particulate filters or activity in hydrocarbon selective reduction of NOX), combined with butanol-
diesel fuel blend (B20) combustion on engine emissions formation, particulate matter characteristics
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(size distribution, morphology and structure) and oxidation catalyst activity were studied. It was found
that post-injection produced lower PM concentration and modified the soot morphological parameters
by reducing the number of primary particles (npo), the radius of gyration (Rg), and the fractal dimension
(Df). The results were compared with the engine operation on diesel fuel. The increased concentration of
HC and CO in the exhaust as a result of the diesel fuel post-injection at the studied exhaust conditions (i.e.
T = 300 �C) led in the reduction of the DOC activity due to the increased competition of species for active
sites. This effect was improved the combustion of B20 when compared to diesel.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the view to improve the air quality, new engine and vehi-
cle systems and technologies are under development in order to
reduce pollutants emitted to the atmosphere especially in the very
challenging transportation sector [1,2]. In road transport, replacing
fossil fuels with biofuels also provide cleaner combustion and con-
sequently improve the efficiency of the catalytic aftertreatment
systems and can be considered as a way to help vehicle manufac-
turers to achieve the emissions legislative limits such as the EURO
6 and CARB (LEV III) [3].

Bioalcohols and other oxygenated fuels have been reported to
reduce emissions, when replacing gasoline fuels in spark-ignition
(SI) engines. More recently these fuels have been studied as substi-
tute to diesel fuel [4–8] because of their oxygen content that con-
tributes in the reduction of the engine out CO, UHC (unburned
hydrocarbons), NOX (nitrogen oxides) and total PM emissions. It
is reported that the hydroxyl group present in alcohols is more effi-
cient in reducing diesel engine PM than other functional groups
with the same oxygen content, especially at high engine loads
[9–11]. The combustion of diesel-ethanol blends for example has
been widely reported to reduce PM emissions [4,12]. However,
there are also drawbacks [13,14] such as the ethanol’s limited sol-
ubility in diesel fuel [15], the very low cetane number and the
lower dynamic viscosity, parameters that can impact on the
engine’s operation and combustion characteristics [4,16,17]. Buta-
nol in diesel has shown more promising characteristics as an alter-
native fuel to ethanol [4] due to higher cetane number and better
solubility in diesel fuel as a consequence of being less polar that
other alcohols with shorter chain. Furthermore, it has higher heat-
ing value, lower volatility, and less hydrophilic character [18,19].

Modern engine after-treatment systems consist of different
components such as the diesel oxidation catalysts (DOC) and diesel
particulate filters (DPF) [20]. DOCs have a honeycomb monolith
shape with high cell density (large surface area) and suitable load-
ings of a catalytic material such as platinum and/or palladium that
is able to almost eliminate CO, HC and much of the particulate
organic fraction [16,20,21]. DOC also oxidise NO to produce NO2

that can then be utilised in the DPF to passively oxidise soot at
low temperatures [16,22,23]. The DOC’s activity depends on
exhaust gas temperature, residence time of the exhaust gas in
the catalyst, level and nature of gaseous and particulate matter
exhaust species and inhibitions/synergies between the different
species contained in the exhaust gas [23,24]. In the same way,
DPF performance is also influenced by size and morphology [fractal
dimension (Df), radius of gyration (Rg) and number of primary par-
ticles (npo)] of soot particles making understand their control chal-
lenging [16,25]. Therefore, the effect of fuel and engine operating
parameters such as injection settings (e.g. number of injections,
injection timing, injection pressure, injection quantity) needs to
be understood in order to improve not only the engine perfor-
mance (power/torque) characteristics but also the function of the
aftertreatment system [26]. Several studies have shown that the
post-injection in combination with the DOC is commonly used to

increase the exhaust gas temperature in order to aid the DPF
regeneration (i.e. active regeneration) [27].

The impact of fuel post-injection on engine out gaseous emis-
sions and PM has also been investigated [28–30]. The temperature
increase late in the combustion cycle due to the post-fuel injection,
which can enhance soot oxidation, produced during the main com-
bustion event [30–34], but this is reported to be dependent on the
engine calibration and operation conditions. Some studies have
reported PM increase with post-injection at high engine loads
and speeds [28]. In some cases post-injection also contributes in
the reduction of engine out NOX due to the formation of
nitrated-hydrocarbons through the reactions of NOx with HC rad-
icals [35,36]. It is reported that CO and THC are reduced with post-
injection and sharply increased with later post-injection timing
(after 70 CAD ATDC) [27]. Late combustion caused by post-
injection increases the level of THC emissions as the late injected
fuel is not burnt in the combustion chamber [26,29,37]. In this
way, HCs are oxidised in the DOC, increasing considerably the tem-
perature of the exhaust upstream of the DPF and trapping a high
proportion of the soot flowing in the exhaust stream [27,38,39].
It is documented that the main-post-injection increases the rate
of soot oxidation in the combustion cycle due to the enhancement
of the gas mean temperature and air/fuel mixing, which leads to
the reduction in number and diameter of primary particles [40,41].

Combined advances in alternative fuels and aftertreatment sys-
temsare required inorder to fulfil the stringent emission regulations
and also help in decoupling mutual dependences between pollu-
tants control and engine fuel economy. Most of the studies on alter-
native fuels combustion published in the literature are focused on
the effect of the fuel on the engine performance and on the engine
emissions, including PM characteristics [17] which influences pas-
sive and active DPF regeneration [20] as well as DPF trapping effi-
ciency [42,43]. Recent studies have reported work on gaseous
emissions interactions [22] and the influence of PM characteristics
[16] (size and shape) emitted from the combustion of different fuels
on the DOC performance. However, there is still scarce information
regarding the effect of alternative fuels (e.g. alcohol blends) on both,
PM characteristics and DOC activity with simultaneous use of fuel
post-injection, strategy that is required in diesel vehicles for catalyst
heat-up in active and DPF regeneration. Therefore, the aim of this
research work focuses on the role of the fuel post-injection and
diesel-butanol fuel blends combustion on PM characteristics (num-
ber, size, morphology) and the impact on the DOC activity. The DOC
catalyst activity was assessed under the same temperature, space
velocity and pressure conditions with the only comparative param-
eter being the exhaust gas composition.

2. Experimental setup and materials

Amodern single-cylinder, water-cooled, common rail fuel injec-
tion system, four-stroke experimental diesel engine was employed
in this investigation. The engine used in this study is a single cylin-
der research engine that was designed by the investigators and
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incorporates one of the cylinder heads of a V6 production engine.
The main specifications of the test engine can be found in Table 1.
A schematic diagram of the experimental set up is shown in Fig. 1.
The diesel oxidation catalyst studies were carried out using one
inch in diameter monolith catalyst that was placed in a reactor
inside a furnace where the temperature and the engine exhaust
gas flow can be controlled by a thermocouple (located upstream
the catalyst) and a flow meter respectively.

The Ultra Low Sulphur Diesel (ULSD) fuel used for the study was
supplied by Shell Global Solutions UK. Butanol was purchased from
Fisher Scientific Company and used in this study for the diesel-
butanol blends. The ULSD, butanol and fuel blend properties are
presented in Table 2. The particular diesel fuel used in this research
as reference fuel was selected without any biodiesel (thereby with
zero oxygen content) in its composition, in order to study the effect
of the oxygen in the combustion process when diesel fuel is
blended with butanol. The diesel-butanol blend (B20) is a mix of
80% diesel and 20% butanol (%Vol.).

At significantly lower or higher that 300 �C exhaust gas temper-
atures; the impact of fuels and post injection strategy on the DOC
may not be as robust and conclusive as the catalyst may not light-
off (low load) or the activity may not be affected (high loads). All
tests were performed under a constant engine speed of 1800 rpm
with an engine load of 3 bar IMEP (Indicated Mean Effective Pres-
sure). An AVL GH13P was used to record the in-cylinder pressure
[44]. The charge from the pressure transducer (mounted in the

cylinder head) was amplified by an AVL FlexiFEM 2P2 Amplifier
[45]. A digital shaft encoder producing 360 pulses per revolution
was used to measure the crank shaft position. The data from the
crank shaft position and pressure was combined to create an
in-cylinder pressure trace. The engine is equipped with common-
rail fuel injection system which allows the control of multiple
injection events. The injection was split in pre, main, and post fuel
injection with injection timing of 15 and 3 deg bTDC and 60 deg
aTDC, injection pressure of 650 bar, and post-injection duration
of 0.1 ms. A bespoke experimental facility was used in this study
that was designed to assess the performance of catalysts and com-
bination of aftertreatment systems under real engine exhaust gas
while providing flexibility with temperatures and reductants (i.e.
hydrocarbons, ammonia, hydrogen) selection. The DOC used in this
study was supplied by Johnson Matthey Plc and was positioned
inside a mini reactor that was located inside a furnace and was
fed with real engine exhaust gas. The temperature upstream the
DOC was monitored using K-type thermocouples. The temperature
of the reactor inside a tubular furnace was set at 300 �C while
maintaining constant gas hourly space velocity (GHSV) of
35,000 h�1. The details of the catalyst (DOC) used in this study
was a 4.237 kg/m3 with optimal platinum:palladium proportion
(weight ratio 1:1) with alumina and zeolite washcoat (158.66 kg/
m3 loading). The total dimensions of the DOC were 25.4 mm
diameter, 91.4 mm length, and 4.3 mil wall thickness of the DOC
[16,22,23].

A MultiGas 2030 FTIR spectrometry based analyzer was
employed for exhaust gaseous emissions measurement such as:
carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxide (NO
and NO2), nitrous oxide (N2O), and individual hydrocarbons species
such as methane (CH4), ethane (C2H6), ethylene (C2H4). Particulate
Size Distributions (PSD) were analysed using a TSI 3080 scanning
mobility particle sizer (SMPS). Exhaust gas part was sampled and
diluted with air when using the rotating disk thermodiluter (TSI
379020A) to control the dilution ratio. The dilution ratio was set
at 1:100 for all the tests and the thermodiluter temperature was
150 �C. The SMPS was connected downstream of the dilution sys-
tem in order to extract a diluted sample for the particle size
measurement.

Soot particles were collected from the exhaust pipe on a
3.05 mm diameter copper grids attached to a sampling probe.

Fig. 1. Schematic diagram of test platform and sampling system.

Table 1
Research engine specifications.

Engine parameters Specifications

Engine type Diesel 1-cylinder
Stroke type Four-stroke
Cylinder bore � stroke (mm) 84 � 90
Connecting rod length (mm) 160
Compression ratio 16.1
Displacement (cc) 499
Engine speed range (rpm) 900–2000
IMEP range (bar) <7
Fuel pressure range (bar)
Number of injections 500–1500
3 injection events
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The sampling tool and lines were cleaned with nitrogen before
each test to remove deposited soot particles. A Philips CM-200 high
resolution transmission electron microscopy (HR-TEM) with a res-
olution about 2 Å at an accelerating voltage of 200 kV was used to
analyse the particles. A digital image analysis software in Matlab
was designed to calculate the morphological parameters of the
agglomerates (radius of gyration, Rg, number of primary particles,
npo, and fractal dimension, Df) [46,47]. The conversion from pixels
to nanometres was calibrated by comparison with standard latex
spheres shadowed with gold. For each condition, two grids and
minimum 33 photographs were taken per fuel to calculate the
morphology parameters as well as least 26 agglomerates were cho-
sen for each condition and fuel to obtain the results. Furthermore,
more than 200 primary particles were manually and randomly
selected from different aggregates to determine an average diame-
ter of primary particles and to produce the fitted normal distribu-
tion of primary particles at each fuel and condition.

3. Results and discussions

3.1. Combustion characteristics

Fig. 2 shows the effects of the injection strategy on the in-
cylinder pressure and the rate of heat release (ROHR) versus crank
angle degree (CAD) for the combustion of diesel and B20. It has to
be noted that neither the post-injection nor the fuel properties

notably affected the combustion events. It is though that this is
due to the effect of the pre-injection which thermally conditioned
the in-cylinder, thus minimizing the effect of the worse autoigni-
tion properties (Table 2) of the B20 blend with respect to diesel
fuel. Small increase of the in-cylinder pressure and heat release
was obtained from the combustion of B20 that may also explain
the changes in emissions later on.

3.2. Influence of fuel post-injection and fuel structure on engine out PM
and gaseous emissions

The PSDs were obtained upstream the DOC in order to under-
stand the influence of B20 and post-injection on the particle forma-
tion and oxidation processes. The combustion of the alcohol blend
(B20) reduced the number of particles along the whole distribution
with respect to combustion of the diesel fuel with and without
post-injection (Fig. 3). A slight reduction is observed in the average
particle diameter, from 94 nm for diesel down to 64 nm for B20 in
the absence of post-injection. These results are in agreement with
previous studies of butanol-diesel blends combustion [16,48] justi-
fied by the presence of the hydroxyl group in the butanol molecule
[16] leading to lower rates of PM formation [4,16] and to enhanced
PM oxidation rates [16,49]. Reductions of the soot in the exhaust
are often reported when post-injection is introduced due to
increased expansion temperature and enhanced mixing within
the cylinder that increases oxidation of soot produced from the
main injection [30,32–34]. The maximum number concentration,

Table 2
Fuels specification [4,16].

Properties Method ULSD Butanol B20D80

Cetane number ASTM D7668-14 50.2 17 41.98
Latent heat of vaporization (kJ/kg) 243 585 –
Bulk modulus (MPa) 1410 1500 –
Density at 15 �C (kg/m3) EN 12185 840.4 809.5 833.2
Upper heating value (MJ/kg) 45.76 36.11 43.5
Lower heating value (MJ/kg) 43.11 33.12 40.91
Water content by coulometric KF (mg/kg) EN 12937 40 170 389.4
Kinematic viscosity at 40 �C (cSt) EN ISO 3104 2.564 2.23 2.27
Lower calorific value (MJ/kg) 43.11 33.12 39.95
Lubricity at 60 �C (lm) EN ISO 12156 424 571.15 444.5
Fatty acid methyl ester % (v/v) NF EN 14078-A <0.05
Cold filter plugging point (CFPP) ASTM D-6371 �18 <�51 �18
C (wt%) 86.44 64.78 81.56
H (wt%) 13.56 13.63 13.35
O (wt%) 0 21.59 4.318

Fig. 2. Effect of fuel post-injection strategy and fuels structure on combustion characteristics.
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MMD, and sigma g in Fig. 3 are presented in Table 3 for diesel fuel
and B20.

The particles emitted from diesel engine have a variety of
shapes and sizes and consist of tens to hundreds of primary parti-
cles agglomerated together, forming irregular clusters [50,51].
Fig. 4 depicts representative examples of HR-TEM micrographs
from particles sampled from the exhaust gas at the different condi-
tions studied in this research. PM morphological parameters
(radius of gyration (Rg), number of primary particles (npo) and frac-
tal dimension (Df)) for Diesel and B20 are calculated from the
obtained HR-TEM images (Fig. 4). Trends observed in these repre-
sentative examples are in agreement with the statistical trends dis-
cussed below. Fig. 5 shows the results of the average particles
electrical mobility diameter obtained with SMPS jointly with soot’s
average radius of gyration and number of primary particles.
According to these results the average agglomerate size (quantified
by radius of gyration and mobility diameter) and the number of
primary particles are lower for B20 than for diesel fuel indepen-
dently of the injection strategy. It is believed that for diesel com-
bustion the enhanced net formation rate of particles increases
the likelihood of collisions and further aggregation leading to
higher number of primary particles. It is thought that oxygen con-
tent in butanol blend (B20) improves the soot oxidation [52] while
the incorporation of the post-injection leads to enhanced oxidation
resulting in the disappearance of a fraction of the primary particles
already formed (Fig. 5). The reduction in number of particles as
measured by the SMPS and the reduction in number of primary
particles in the particle aggregate for B20 are also associated with
the reduction in the formation of soot precursors due to the chem-
ical structure of butanol and the lack of PAH in butanol, besides the
effect of the oxygen content of butanol.

The influence of the fuel and injection strategy (with and with-
out post-injection) on the fractal dimension (Df) is shown in Fig. 6.
The fractal dimension of the agglomerates produced from the die-
sel fuel is higher (by 0.09) than that from B20 for both injection
strategies (Fig. 6) and this is in agreement with the work described
by both Fayad et al. [16] and Choi et al. [53]. As a general rule [54] a
reduction of the fractal dimension should be expected when there
is a high concentration of particles as a result of the increased

likelihood of collisions between agglomerates. However, in the
case of agglomerates from oxygenated fuels, despite the lower par-
ticle concentration (and the consequent reduced likelihood of col-
lisions) fractal dimensions were not found to be higher, but were
systematically lower instead, probably due to some internal oxida-
tion of agglomerates occurring after being formed. Similarly, the
fractal dimension is also lower when post-injection was introduced
for both fuels, despite the higher particle concentration also in this
case (Fig. 6). A conceptual model is suggested here to justify these
trends. In the early stage of nuclei and primary particle formation
fractal dimension is close to 3 and the primary particle size contin-
uously increases (spherical nuclei and spherical primary particles).
Collisions between particles and agglomerates and between
agglomerates and agglomerates will increase the size of the
agglomerate and reduce their fractal dimension (particle growth
dominant over particle oxidation). This phenomenon will be more
intense in the case of diesel without post injection conditions due
to the higher rate of particle formation. Afterwards, the oxidation
of particles will become dominant over the particle formation
and the size of both primary particles and agglomerates could
decrease, while the fractal dimension will deeply decrease, for
the reason pointed out above. In this case, the decrease in fractal
dimension will be more intense for the case of oxygenated fuels
and post-injection conditions. Therefore, it is speculated that the
resultant agglomerates from oxygenate fuels and post-injection
conditions will have lower fractal dimension as the oxidation will
remain being the dominant mechanism in front of particle forma-
tion and growth for longer time, as a consequence of the enhanced
reactivity of soot particles (in the case of oxygenated fuels/) or of
the enhanced temperature conditions in the exhaust flow (in the
case of post-injection). More research and some in-cylinder sam-
pling techniques should be used for a more comprehensive
justification.

The primary particle diameter (dpo) size distribution for both
fuels with or without post-injection has been measured by select-
ing around 200 primary particles (more than 33 HR-TEM pho-
tographs for each condition and fuel) in order to fit normal
distribution as shown in Fig. 7. In Fig. 7, the maximum number
concentration, MMD, and sigma g for each condition and fuel are

Fig. 3. Effect of post-injection on particle size distribution for diesel and B20 fuels.

Table 3
Maximum number concentration, MMD and sigma g for diesel and B20.

Diesel W/O PI Diesel with PI B20 W/O PI B20 with PI

Max. number concentration (#/cm3) 6.23E6 4.45E6 3.90E6 3.10E6
MMD (nm) 74.81 79.71 73.96 76.53
Sigma g 6.41 5.82 4.76 4.13
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shown in Table 4. Fig. 8 shows smaller size primary particles from
the combustion of B20 for both injection setting (with and without
post-injection) compared to diesel primary particles due to lower
rate of production of soot precursors, soot formation and soot
growth, and to the increase soot oxidation during the combustion
of oxygenated fuel [16]. This result is in agreement with results
obtained from biodiesel fuel [55] and butanol [16,56] fuel blends
without post-injection using other engine technologies [16,56].
The size of primary particles is slightly reduced when post-
injection was used for both fuels (Fig. 8). It is believed this is due
to an enhancement in the soot oxidation rate in the expansion
stroke under post-injection conditions.

Fig. 9 shows the CO, heavy HC, and THC engine-out emissions
for the two studied fuels at both injection strategies. It can be
noticed that THC emissions were lower from the combustion of
the alcohol blend (B20) for both injection strategies. The higher
HC emissions observed with diesel can be attributed to several rea-
sons including absence of oxygen in the fuel molecule, and less
efficient oxidation. The THC emissions in the case of post-
injection are much higher compared to the case without post-
injection. This confirms that the quantity and timing chosen for
the post-injection allows to keep most of them unburnt and avail-
able to be oxidised in the DOC. Yamamoto, et al. and Chen, [26,30]
reported that the late post-injection lead to high level of THC emis-

W/O PI With PI 

W/O PI With PI 

(a)

(b)

Fig. 4. Typical examples of HR-TEM micrograph of particles matter collected at the exhaust gas for (a) diesel fuel, and (b) B20.

Fig. 5. Effect of fuel injection strategy and fuel characteristics on particle size from SMPS, radius of gyration (Rg) and number of primary particles (npo).
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sions. It is reported that the reason of the increase in CO emissions
observed for B20, especially without post-injection, can be attribu-
ted to the expected lower local in-cylinder temperature (Fig. 2) and
less CO oxidation during the combustion process due to the higher
enthalpy of vaporization of butanol with respect to diesel fuel [27].
Therefore, it seems that at this engine load operation the oxygen
content and high reactivity of the butanol molecule enables to
partially oxidise most of the HC species to CO, but the colder

in-cylinder conditions due to the enthalpy of vaporization of
butanol hinders the complete oxidation from CO to CO2.

The concentration of HC species in the engine exhaust upstream
the catalyst differs for diesel and B20 engine fuelling (Fig. 10). The
concentration of the light HC species studied including saturated
(methane, ethane) and unsaturated (ethylene) species is higher
for B20 with respect to diesel fuel combustion, conversely to the
THC emissions presented earlier. It is thought that this is due to
the thermal decomposition of the butanol component to light HC
species and CO rather than forming heavy HC components as in
the case of diesel fuel combustion. The level of HC emissions was
lower from the combustion of B20 compared to the diesel fuel
combustion. This can be due to improved combustion efficiency

Fig. 6. Fractal dimensions of particulate matter from the HR-TEM images.

(a)

W/O PI With PI

(b)

W/O PI With PI

Fig. 7. Primary particles size distributions for (a) diesel fuel, and (b) B20.

Table 4
Maximum number concentration, MMD and sigma g for diesel fuel and B20.

Diesel W/O
PI

Diesel with
PI

B20 W/O
PI

B20 with
PI

Max. number
concentration

29.04 28.87 26.41 24.12

MMD (nm) 25 24 23 21
Sigma g 7.25 6.45 5.86 5.82
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of the fuel in the presence of oxygen in the fuel as has also been
described in [56] and due to the combustion patterns described
in Fig. 2, where a small increase in the in-cylinder pressure was
obtained. From the results it can be also observed that with the
incorporation of the fuel post-injection, higher concentration of
the total and selected HC species were measured for both fuels
due to the late timing of the post-injection [26].

A slight increase in NOX (NO + NO2) was measured for the B20
combustion with respect to diesel combustion for both injection
strategies (Fig. 11). This can be due to the slight increase of in-
cylinder pressure as seen in Fig. 2 and the presence of the chemi-
cally bound oxygen content in B20 as it has been previously
reported in the case of oxygenated fuels [56]. In addition, the oxy-
gen content and lower cetane number of butanol enhanced the
burning rate (faster burning). Chen et al [57] reported similar
trends in NOx emissions from the combustion of n-butanol-
diesel blends and suggested that this was a result of the increased
ignition delay that was then led to wider high-temperature com-
bustion region. In addition, the oxygen content and lower cetane
number of butanol enhanced the burning rate (faster burning).
Although both fuels have similar NO concentration, it seems that
B20 blend has higher oxidation from NO to NO2 than diesel fuel
due to the oxygen in the molecule. When post-injection was uti-
lised the emissions of NO were decreased with simultaneously
increasing in NO2 for both fuels (Fig. 11). This is can be explained
because a portion of NO was oxidised to NO2 by hydroperoxy rad-
ical (HO2) formed during post combustion [58] and because of the
reduction of NOX with some of the HCs post-injected. It was noted
that the engine out NOx emissions decreased under post-injection
due to the possible formation of nitrated-hydrocarbon by reacting
NOx with radical HC [58].

3.3. Brake specific fuel consumption and brake thermal efficiency

The brake specific fuel consumption (BSFC) and brake thermal
efficiency (BTE) for both diesel and butanol blends are summarized
in Table 5. It was noticed that post injection strategy increased the
brake specific fuel consumption (BSFC) compared to that of main
injection for both fuels. Moreover, BSFC slightly increased with
B20 for both injection strategies when compared to the diesel fuel.
The mean increase in BSFC for B20 when compared to the diesel
under the same condition is 0.02811 and 0.02903 kg/kW h for
without post-injection and with post-injection respectively. This
is due to the lower calorific value recorded for B20 (see Table 2)
compared to the diesel fuel. Lapuerta et al. [59] and Hajbabaei
et al. [60] reported that the oxygenated fuels increases the BSFC
mainly due to the reduced calorific value when compared to the
diesel. Furthermore, the smaller increase in BSFC for B20 its com-
pensated by its lower calorific value resulting in an increase in
brake thermal efficiency. This could be due to the oxygen content
in the B20 that improves the combustion efficiency and this is con-
sistent with other researchers cited in introduction. It is clear from
Table 5 that the post-injection reduce brake thermal efficiency and
increase the exhaust gas temperature (EGT) for both fuels.

3.4. Influence of fuel post-injection and fuel properties on DOC activity

Combustion by-products in the exhaust gas are competing with
each other to be adsorbed into the active sites of the catalyst
[16,22], effects that is highly depends on the temperature, flow
conditions, space velocity and concentration and nature of the
exhaust species. In active control after treatments such as diesel
particulate filters (DPFs) the ability of the DOC to effectively oxi-
dise the fuel and hydrocarbons and provide the required heat is
important for the efficient operation of the engine system (includ-
ing aftertreatment and engine fuel economy and emissions). The
gas hourly space velocity (GHSV) and temperature of the DOC in
this study were controlled and set at 35,000 h�1 and 300 �C,
respectively in order to isolate the effect of exhaust gas
composition.

The DOC is very effective in reducing CO in the engine exhaust
from the combustion of both fuels, with the catalyst’s CO conver-
sion efficiency being higher for B20 blend. In the case of post-
injection, the catalyst’s CO oxidation efficiency was reduced
(Fig. 12), this is due to increased concentration of species that
are now competing for the same number of active sites. The HC
species presented in Fig. 12 are light saturated (methane, ethane),
light unsaturated (ethylene) and heavy HCs. The results confirm
the differences in reactivity of the hydrocarbon species. Methane
(CH4) as a short chain saturated hydrocarbon was the most difficult

Fig. 8. Average size of primary particles (dpo) for diesel and B20.

Fig. 9. Engine exhaust gaseous emissions.
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component to oxidise in the catalyst due to its low oxidation reac-
tivity [23,61]. Particularly, it can be observed that the conversion
efficiency of methane over the catalyst was even lower than 10%
at 300 �C for all the conditions studied. In addition, the increased
concentration of heavier HCs and fuel in the exhaust that reaches
the DOC leads to its non-selective poisoning (i.e. fouling or mask-
ing). The catalyst active sites are now occupied by the increased
concentration of HCs and fuel that are interfering with the reac-
tants transport phenomena to the catalyst active sites. This non-
selective poisoning limits the catalytic surface area and obstructs
access of the reactants to the pores. In this case the effect is rever-
sible as for the B20 fuel combustion, the catalyst has the highest
HC conversion efficiency at 300 �C compared with diesel fuel
(Fig. 12). This could be due to several reasons such as lower con-
centration of HC upstream the catalyst, higher reactivity of butanol
and its derivatives, higher level of NO2 emissions to catalytically

oxidise the HC species [16,62], lower PM/soot levels that can be
responsible for blocking the active sites.

4. Conclusions

The effect of fuel post-injection and butanol-diesel fuel blends
(B20) on PM characteristics (including size, fractal dimension,
radius of gyration, and size of primary particles) and gaseous emis-
sions were analysed and their influence on DOC activity was inves-
tigated at exhaust temperature of 300 �C. Due to reduced PM
number concentration and HC emissions from the combustion of
B20 the catalyst activity was improved. The HR-TEM analysis
showed that the number of primary particles of PM agglomerates
emitted from B20 combustion was lower than that from the com-
bustion of diesel fuel. As B20 has oxygen-containing compounds,
they contribute to inhibit the rate of soot formation and to increase

Fig. 10. Engine exhaust hydrocarbon species measured upstream the DOC.

Fig. 11. NOX species concentrations of each gas species for with and without post-injection.

Table 5
Brake specific fuel consumption and thermal efficiency.

Fuel Diesel fuel B20

Parameters W/O PI With PI W/O PI With PI

Brake specific fuel consumption, BSFC (kg/kW h) 0.3484 0.3645 0.3765 0.3935
Exhaust gas temperature, EGT (�C) 283 291 272 284
Brake thermal efficiency (BTE) 23.97 23.25 25.44 24.83
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the rate of oxidation, resulting in particles with smaller average
size and fractal dimension. It is observed that the fuel post-
injection has more clear benefits on PM reduction, resulting in
enhanced soot oxidation with similar trends on the morphology
of agglomerates as the presence of oxygenated compounds. HR-
TEM analysis supports the results from SMPS and revealed that
B20 produces particles with smaller average size compared to die-
sel fuel.

The fuel components as has been highlighted from the use of
primary alcohols in this study, can improve engine systems perfor-
mance by providing a chain of beneficial effects; from the combus-
tion process to emissions formation processes to their abatement
processes in the aftertreatment systems. In this case the changes
in fuels properties from the incorporation of butanol into diesel
fuel, led to cleaner combustion that eased species (i.e. HCs/fuel
and engine out emissions) oxidation in the DOC. These trends will
favour the active control strategies in the aftertreatment systems
and will positively impact on their performance (i.e. increase activ-
ity, improve durability) and overall engine fuel economy.
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A B S T R A C T

Diesel engine vehicles, despite their good fuel economy and reduced CO2, are receiving significant attention and
negative publicity in recent years due to their difficulties in achieving the emissions regulations. This has widely
been linked to undesirable environmental impact and health effects.

The lower exhaust gas temperatures associated with modern and more efficient hybrid powertrain and diesel
engines makes current technology catalytic aftertreatment systems less efficient under range of vehicle operating
conditions. This study, demonstrates how changes in the commonly used aftertreatment system architecture and
changes in fuel composition in this case through the addition of oxygenated fuels (i.e. butanol) in diesel fuel can
provide meaningful low temperature catalyst activity improvements.

The catalyst oxidation kinetics of CO and HC species were improved (reduced the light-off temperature by
around 20 °C) when a diesel particulate filter (DPF) was placed upstream of the DOC, while the combination of
DPF and combustion of oxygenated fuel in diesel led to up to 80 °C improvement in catalyst activity. The pre-
vention of soot reaching the DOC active sites increases the rate of reactions and the species accessibility to the
active sites of the catalyst, and thereby the oxidation of emissions (CO, HC, and NO) can occur at lower catalyst
temperatures. The combustion of diesel-butanol blend further improved the DOC low temperature activity. The
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major contributors to the improved catalyst light-off, are the reduced level of soot and hydrocarbon emissions as
well as the higher reactivity of the hydrocarbons species emitted under butanol blend combustion.

1. Introduction

Modern diesel engine vehicles provide lower fuel consumption, re-
duced gaseous emissions, and good driving performance. However,
nitrogen oxides (NOx) and particulate matter (PM) emissions emitted
form diesel vehicles have been recognized as a major concern for public
health and contribute to respiratory cardiovascular diseases [1,2]. The
marginal improvements on pollutant emissions from the combustion of
fossil fuels when the engine mapping and/or the engine design is
modified has led to the extensive research on aftertreatment systems
and alternative transportation fuels as ways of meeting the stringent
passenger vehicle tailpipe emission regulations [3].

Bioalcohol fuels can improve engine emissions when used in fuel
blends with petroleum diesel fuels [3]. The hydroxyl group of the al-
cohol molecules reduces unburnt total hydrocarbons (THC) and carbon
monoxide (CO) as well as soot formation and, in consequence, parti-
culate emissions [4,5]. Alcohol fuels tend to reduce NOx emissions due
to their high heat of vaporization and their water content [4,5], while
their low cetane number could increase NOx emissions [4]. Therefore,
the overall effect will depend on engine technology and engine opera-
tion condition. The reported drawbacks with the ethanol-diesel blends
such as poor solubility with diesel [6], lower viscosity [7] and lower
lubricity [8,9] can be partially resolved with the use of butanol-diesel
blends [9]. Longer chain alcohols provide more stable fuel blends at low
temperature due to their higher solubility in diesel fuels. Furthermore,
butanol has higher heating value, higher cetane number [10] and it is
less volatile [11], less hydrophilic and also less polar than other lighter
alcohols. However, more studies are needed to assess its energy intesity
and green gas house emissions in life cycle analysis, its availablity to
replace a realistic share of diesel fuel in the current market and the
enhaced biological activity of its exhaust gas as reported in [12].

Aftertreatment systems can include sophisticated technologies such
as a diesel oxidation catalyst (DOC) and diesel particulate filter (DPF)
[13] or hybrid technologies such as DOC and NOx control catalysts
coated on the DPF [14]. DOCs with high cell density (large surface area)
and enough loading of catalytic materials such as platinum and/or
palladium are able to almost eliminate CO and THC under certain
conditions (i.e. [15,16]). DPF is an effective PM trapping and reduction
aftertreatment system [17,18]. The introduction of a DOC upstream of
the DPF in combination with post-injection can aid DPF active re-
generation by increasing exhaust gas temperature with the combustion
of post-injected fuel [19] as well as passive regeneration at lower
temperature due to the increased NO2 concentration in the exhaust gas
[20,21].

The DOC efficiency in oxidizing CO, THC and NO depends on the
residence time of the exhaust gas in the catalyst, the temperature and
the level and nature of the exhaust species and inhibitions/synergies
between the different species contained in the exhaust gas [22]. Higher
space velocity of the exhaust gas, limits the capacity of the gaseous
emissions in reaching and interacting with the coated walls of the DOC
[23,24]. Post-injection in combination with the DOC is used to increase
the exhaust gas temperature in order to aid the DPF regeneration (i.e.
active regeneration) [25]. Post injection (timing and quantity) impacts
engine output emissions [26–29], sharply increasing CO and THC
emissions as the late injected fuel is not burnt in the combustion
chamber [28], and thus influencing the aftertreatment performance
[17]. Overall THC and CO conversion efficiencies with late post injec-
tions are lower than that without post injection due to the increased
engine-out CO emissions, which inhibits the THC oxidation inside the
DOC as well as the generation of long-chain THC species from post

injection with limited diffusivity to reach the DOC active sites to be
oxidised [16]. Cleaner fuels can enhance the catalyst activity at lower
temperatures because they produce lower emissions concentration
during combustion (THC, CO and PM) and reduce the competition of
species for catalyst active sites [25,30].

Studies at system level, taking into consideration the combination of
fuel properties fuel post-injection strategies, exhaust gas characteristic
(i.e. space velocity, emissions concentration, temperature) and after-
treatment systems re-architecture can contribute in fulfilling the
forthcoming stringent emission regulations. In this work the light-off
activity of a DOC catalyst was studied by manipulating a modern diesel
engine exhaust gas composition through the combustion of butanol
blending with diesel, fuel post injection strategies, changes in the Gas
Hourly Space Velocity (GHSV) and the placement of a DPF upstream
the DOC to filter and prevent high molecular weight species such as
soot and heavy HC reaching the DOC. The combination of cleaner
combustion fuel (i.e. butanol blend) and unconventional aftertreatment
architecture (DPF upstream of a DOC) makes more apparent the impact
of these carbon species on DOC activity for the case of diesel fuel
combustion without upstream DPF.

2. Experimental apparatus, materials and test matrix

2.1. Experimental setup

A single cylinder diesel engine (Table 1) equipped with a high-
pressure common-rail fuel injection system that allows the control of
pilot injection, main injection, and post-injection (i.e. pressure, injec-
tion rate and fuel quantity) has been used in this study. A simplified
schematic layout of the experimental set-up is detailed in Fig. 1. The
engine exhaust is linked to a bespoke catalyst test rig that allows cat-
alyst activity and characterisation studies. The mini reactor was posi-
tioned inside a furnace and a sample of the engine exhaust gas was
directed to the reactor. The facility allows parameters such as tem-
perature, pressure and space velocity to be selected according to the
study requirements. The combined arrangement of DPF and DOC
aftertreatment systems is also shown (see Fig. 1).

An electric dynamometer with motor and a load cell was used to
control the engine load. A digital shaft encoder (producing 360 pulses
per revolution) was used to measure the crankshaft position and the
pressure transducer mounted at the cylinder head and connected via an
AVL FlexiFEM 2P2 charge amplifier was used to measure in-cylinder
pressure. To monitor intake air flow rate, pressure, and temperature
(oil, air, inlet manifold and exhaust), standard engine test rig in-
strumentation was used. A bespoke LabVIEW based code was used to
perform data acquisition and combustion analysis. Furthermore, the

Table 1
Research engine specifications.

Engine parameters Specifications

Engine type Diesel 1- cylinder
Stroke type Four-Stroke
Number of cylinders 1
Cylinder bore x stroke (mm) 84×90
Connecting rod length (mm) 160
Compression ratio 16.1
Displacement (cm3) 499
Injection system Common rail
Fuel pressure range (bar) 500–1500
Pre, main and post injection timing 15, 3 and -60 deg bTDC
Number of injections 3 injection events
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other engine operating parameters, including fuel injection strategy
(i.e. post injection timing, main/post injection ratio, and injection
pressure) were controlled by using an in-house developed LabVIEW
programme. Injection settings are listed in Table 1. Injection duration
has been adjusted for each fuel to reach the desired engine operation

condition defined by engine speed and indicated mean effective pres-
sure. K-type thermocouples and a TC-08 Thermocouple Data Logger
(Pico Technology) were used to measure the engine exhaust tempera-
ture [31]. During this work, the engine was running with post-injection
and the engine speed was controlled at 1800 rpm for all tests with an
engine load of 3 bar indicated mean effective pressure (IMEP). This
condition is within a frequent engine speed-load window in vehicle
driving cycles as well as it provides representative and stable engine
output gaseous emissions and exhaust temperature. The oxidation

Fig. 1. Schematic diagram of experimental test and sampling point.

Table 2
Specification of tested fuels [25,33].

Properties Method Diesel Butanol B20

Derived cetane number ASTM D7668-
14

50.2 17 41.98

Latent heat of vaporization (kJ/kg) 243 585 –
Bulk modulus (MPa) 1410 1500 –
Density at 15 °C (kg/m3) EN 12185 840.4 809.5 833.2
Upper heating value (MJ/kg) 45.76 36.11 43.5
Lower heating value (MJ/kg) 43.11 33.12 40.91
Water content by coulometric KF

(mg/kg)
EN 12937 40 170 389.4

Kinematic viscosity at 40 °C (cSt) EN ISO 3104 2.564 2.23 2.27
Lubricity at 60 °C (μm) EN ISO 12156 424 571.15 444.5
Fatty acid methyl ester% (v/v) NF EN 14078-

A
<0.05

Cold filter plugging point (CFPP) ASTM D-6371 -18 < -51 -18
C (wt%) 86.44 64.78 81.56
H (wt%) 13.56 13.63 13.35
O (wt%) 0 21.59 4.318

Fig. 2. Effect of fuel on particle size distribution.

Table 3
Engine output emissions at 1800 rpm and 3 bar IMEP.

Engine output concentration (ppm) Diesel B20

Nitric oxide (NO) 164 160
Nitric dioxide (NO2) 44 51
Nitrogen oxides NOX 208 211
Carbone monoxide (CO) 391 475
Total hydrocarbons (THCs) 1129 890
Heavy hydrocarbons (HHCs) 758 571
Methane (CH4) 6 8
Ethane (C2H6) 5 6
Acetylene (C2H2) 4 5
Ethylene (C2H4) 22 27
Propylene (C3H6) 8 9
Formaldehyde (HCHO) 24 26

Fig. 3. CO oxidation light-off temperature in the DOC (with and without DPF)
for diesel and B20 fuels.
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catalyst was subjected to two exhaust gas space velocity (ratio between
volumetric gas flow rate and reference volume of the aftertreatment
component [32]) of 25,000 h−1 and 50,000 h−1 and to a heating
temperature ramp of around 2 °C/min during every test.

The conversion efficiency was calculated according to the con-
tinuously recorded of exhaust gas concentration at the catalyst.
Experimental uncertainty has been calculated and error bars have been
added to all the figures. In order to remove any remaining fuel from the
previous experiment, the fuel tank and fuel lines were cleaned and the
engine was running for 30min with the same fuel.

2.2. Emissions instruments and catalyst

A MultiGas 2030 FTIR (Fourier transform infrared) spectrometry
technique was used to measure exhaust emissions including: nitrogen
oxides (NO and NO2), nitrous oxide (N2O), water (H2O), formaldehyde
(CH2O), carbon dioxide (CO2), carbon monoxide (CO) and individual
light hydrocarbons species including methane (CH4), ethane (C2H6),
propane (C3H8), ethylene (C2H4), propylene (C3H6) and acetylene
(C2H2). The SMPS (scanning mobility particle sizer, model TSI/3080)
composed by electrostatic classifier, a 3081 DMA (Differential mobility
analyser), and a 3775 CPC (Condensation particle counter) was used to
study the particle size distribution (PSD) in the exhaust gas. The sheath
flow rate and aerosol flow rate were set at 6.00 L/min and 0.60 L/min
respectively to provide a PSD range between 10.4 nm and 378.6 nm. A
small portion of the exhaust gas was sampled and diluted with air and
the dilution ratio was set at 1:100 at constant air dilution temperature
(150 °C). The SMPS was connected downstream of the dilution system
to extract a diluted sample for the particle size measurement.

The engine exhaust gas composition was measured at regular in-
tervals during the tests. The outlet exhaust gas composition of DOC was
continuously recorded throughout the experiment, while the tempera-
ture at the DOC inlet was varied from 50 °C to 400 °C. The engine tests
were carried out to explore how the hydrocarbons produced from the
post-injection working with two different fuels influence the DOC
performance. The catalysts were placed inside a mini-reactor
(DPF+DOC) and they were fed with actual exhaust gas produced by
the engine. The DOC was loaded with platinum-palladium (weight ratio
1:1). It is composed of an alumina and zeolite washcoat and coated on a
cordierite honeycomb monolith (25.4mm×91.4 mm) and 4.3 mil wall
thickness, with dimensions of 0.258 cells per m2. The diameter and
length of DPF are 24.2mm and 75.2 mm respectively with a channel
density of 289 cpsi.

2.3. Fuels and blends

The fuel specifications and properties are listed in Table 2. The
diesel fuel was supplied by Shell Global Solutions UK and the butanol

(used in blending) was from Fisher Scientific Company. Particularly,
the diesel fuel used as reference was selected without any biodiesel (no
oxygen content) in its composition. The butanol fuel has high purity of
99%. The fuel blend (diesel-butanol) was composed of 80% diesel and
20% butanol (%vol.).

3. Results and discussions

3.1. Influence of fuel on PM and gaseous emissions

In this section, the effect of butanol blend fuelling on engine par-
ticulate matter and gaseous emissions was analysed under post fuel
injection strategy.

3.1.1. Particle size distribution (PSD)
Fig. 2 shows particle number concentrations and particle size dis-

tributions for Diesel and B20 measured from the engine exhaust. Lower
particle number concentrations were observed when B20 was used, as
well as a lower mean particle diameter. The average particle diameters
were 79.71 nm for diesel and 74.81 nm for B20. The main reason for the
reduction in the particle number is the oxygen content in the butanol
molecule, which promotes soot oxidation from the internal bond-
oxygen, leading to the elimination of most of the soot primary particles
previously formed, and to the reduced size of the remaining particles
[34,35]. In addition, the reduction in the particle concentration con-
tributes to reduce the probability of collisions between particles, thus
further producing smaller agglomerates compared to the diesel fuel, in
agreement with previous studies with alcohol blends [30,36].

3.1.2. Engine output gaseous emissions
The effect of fuel properties on gaseous emissions for diesel and

butanol blend are shown in Table 3. NOX emissions remain constant
independently of the fuel used. It is thought that the potential increase
of NOX due to the lower cetane number and presence of the internal
oxygen in the butanol molecule is compensated by a reduction in local
temperature because of butanol’s higher enthalpy of vaporization.
However, a slight increase in the NO2 emissions from the combustion of
B20 was observed [37] as compared to the diesel fuel combustion, ef-
fect that has been also described by Chen et al. [38] and Fayad et al.
[35]. CO emissions increase slightly and THC emissions decrease when
B20 is used instead of diesel fuel. The presence of butanol in the blend
has a twofold effect: on the one side, internal oxygen enhances com-
bustion efficiency and, as a consequence THC emissions decrease with
respect to diesel fuel combustion. However, these THC emissions could
not be completely oxidised to CO2, leading to partially oxidised CO,
because of the higher vaporization enthalpy of the alcohol. For a more
comprehensive analysis of the THC, some relevant light saturated hy-
drocarbons (methane and ethane) and unsaturated hydrocarbons
(ethylene, propylene, acetylene) species have been analysed in-
dependently, while the rest of species have been grouped as heavy
hydrocarbons (HHCs). Table 3 shows that HHCs, which represent
around 65% of THCs for both fuels, have the same tendency as THC.
However, a higher level of light HCs species (saturated and un-
saturated) can be observed from the combustion of the butanol blend
(B20) compared to diesel fuel, which could influence the DOC light-off
[38]. This is likely to be a result of the butanol’s thermal decomposition
to light HC species and CO while in case of diesel fuel combustion it
produces heavier HC components.

3.2. Effect of fuel combustion and DPF incorporation on the DOC light-off

In this section the effect of B20 and diesel fuel combustion on the
DOC light-off performance has been analysed with and without a DPF.
The incorporation of a DPF upstream of the DOC implies removing large
part of the soot and heavy hydrocarbons from the exhaust before they
reach the oxidation catalyst. As previously reported, the DPF can trap

Fig. 4. THC oxidation (light-off) temperature in the DOC (with and without
DPF) for diesel and B20 fuels.
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more than 99% of solid PM (SPM) by mass and number from a diesel
engine exhaust derived from diesel and oxygenated fuel combustion
[15]. The prevention of soot and of HHCs reaching the DOC could
improve transport limitations of the reactants to the active sites and will
allow a better adsorption of gaseous emissions into the active sites of
the DOC. Furthermore, these tests add further understanding to identify
and evaluate the different factors which contributed to the improved
catalyst oxidation activity previously reported with B20 engine fuelling
with respect to diesel fuel combustion.

DOC ability to oxidise CO and THCs: Figs. 3 and 4 show that the DOC

is more efficient in oxidizing CO and THC, respectively when the DPF is
introduced upstream of the DOC for both studied fuels. Particularly, the
placement of the DPF upstream of the DOC and the use of B20 improved
the CO catalyst light-off by up to around 70 °C (temperatures are con-
sidered when catalyst reach 50% conversion efficiency) as well as in-
crease the CO and THC oxidation rate with increasing temperature
when compared to diesel fuel combustion. It can be noticed that the
oxidation of the THC was not complete over the DOC and their oxi-
dation started at higher temperature than that of CO, especially for the
combustion of diesel fuel without the use of the upstream DPF. This is

Fig. 5. Hydrocarbon species light-off temperature in the DOC (with and without DPF) for diesel and B20 fuels (a) methane, (b) ethane, (c) acetylene, (d) ethylene, (e)
propylene, (f) formaldehyde, (g) HHCs.
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probably due to incomplete conversion for some of HC species, which
are difficult to oxidise over the catalyst. Potential condensation of
heavy hydrocarbons enhanced through the presence of zeolite within
the catalyst’s washcoat enable to trap medium-heavy hydrocarbons at
low temperature, being released at higher temperature [16,29] and as
discussed later.

Therefore, the DOC’s light-off temperature is highly dependent on
the exhaust gas composition, as the cleaner combustion of B20 and the
filtering of the exhaust gas with the DPF shifted CO and THC light-off
towards lower temperatures and steeper conversion efficiency. The
results shown in Figs. 3 and 4 enable to differentiate the effects of active
sites availability (e.g. different particle and THC concentration levels
upstream of the DOC) with respect to the effect of the different diffu-
sivity and reactivity between the combustion products. It is obtained
that the negative effect of particle and heavy hydrocarbons blocking the
active sites influence the catalyst activity for both fuels, but being more
influential for diesel exhaust with respect to B20. From the comparison
between the DOC catalytic activity with the DPF for both fuels, the
following factors contribute to the improved catalyst light-off and
steeper conversion efficiency with increasing catalyst temperature with
B20: (i) the higher reactivity and diffusivity of butanol and its com-
bustion products [9,25], (ii) the lower THC concentration upstream of
the catalyst and (iii) the higher NO2 concentration in the exhaust gas
[9,35]. Factors i and ii enhance the active site availability and reduce
the competition for active sites [24,28], whereas factor iii increases the
oxidation potentially.

DOC ability to reduce the individual HCs species: The conversion of the
individual HC species in the DOC from the combustion of diesel and
B20 are presented in Fig. 5. The incorporation of the DPF upstream the
DOC, also reduces the light-off temperature for the individual HC spe-
cies (Fig. 5, b-g). The individual hydrocarbon species light-off from the
combustion of B20 started earlier than those obtained for diesel fuel.
The oxidation process of the individual HC species in the DOC started
with acetylene, followed by propylene and then the rest of HC species
(Fig. 5, b-g). In the studied temperature range methane was not oxi-
dised or affected by the differences in the exhaust gas composition,
proving that higher exhaust gas temperature would be required (Fig. 5-
a). Furthermore, the presence of some long chain hydrocarbons classi-
fied as “HHC” contribute to the incomplete conversion of THC, resulting
from their reduced diffusivity to reach the catalyst active sites [29].
This sequence in hydrocarbon oxidation, with short chain saturated
hydrocarbons being the most difficult to oxidise, agrees with the results
reported by Diel et al. [39] and Herreros et al. [16]. From the results, it
can be concluded that the same factors and contributions to the case of
CO and THC emissions also apply to the oxidation of the individual
hydrocarbon species [39].

DOC ability to oxidise NO/NO2: NO2 concentration in the untreated
exhaust is dependent on the fuel used and engine operation (i.e. load,
air/fuel ratio and fuel injection strategies). A higher ratio of NO2/NO
upstream of the DOC can be observed from the combustion of B20
(Table 3), trend also reported in [16]. Pioneering work by Murakami et
at. [40,41]investigated several additives, including CH3OH, H2, H2O2,
CH2O, CH4, and they found that the degree of NO to NO2 conversion
was dependant on the production rate of peroxyl (HO2) radicals during
the combustion process of the additives. Hjuler et al. [42] using a la-
boratory scale reactor, proved that at a specific temperature window a
simultaneous oxidation of the organic compounds and NO to NO2 oc-
curs, results already observed in catalytic processes in vehicles [43,44].
The oxygenated organic compounds such as methanol, methylamine,
acetaldehyde, acetone and ethane were found to affect the rate of NO to
NO2 conversion but also the width of the temperature window for
oxidation. They reported that the efficiency of a given compound in
oxidizing NO could be attributed to its oxidation mechanism as it de-
pends on the production of peroxyl radicals, HO2. Parameters such as
the ratio of organic compounds to NO, reaction temperate, reaction
time, and presence of water were all found to influence the NO to NO2

oxidation [42]. For example, methanol/NO ratio of around 1 provided
high NO to NO2 promotion efficiencies i.e. (80% to 90%), while at
lower molar ratios the conversion was reduced.

A CFD investigation by Zhang et al. [45] and Lilik et al. [46] con-
firmed that combustion temperature changes alone are not sufficient to
explain the increase in NO2 with increasing H2. Their CFD results are

Fig. 6. NO to NO2 oxidation in the DOC (with and without DPF) for diesel and
B20 fuels.

Fig. 7. CO oxidation light-off temperature in the DOC at different space velo-
cities for diesel and B20 fuels.

Fig. 8. THC oxidation light-off temperature in the DOC at different space ve-
locities for diesel and B20 fuels.
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also consistent with the hypothesis that in-cylinder HO2 enhances the
conversion of NO to NO2 in the diesel engine exhaust. This trend that
was seen here with the introduction of butanol in diesel combustion,
where the OH in the oxygenated fuels can increase the OH2 radicals in
the combustion process and thus promote the formation of NO2.

The DOC catalyst is usually designed to promote the NO to NO2

conversion [47–49] in order to enhance the low temperature passive
soot oxidation. However, this reaction is also influenced by the con-
centration of CO and the type of THC in the catalyst [16,29]. The
production of NO2 is temperature dependant, with approximately
250 °C being the starting temperature for the DOC under investigation
for both fuels. It is thought that at low temperature, the engine out NO2

Fig. 9. Hydrocarbon species light-off temperature in the DOC at different space velocities for diesel and B20 fuels (a) methane, (b) ethane, (c) acetylene, (d) ethylene,
(e) propylene, (f) formaldehyde, (g) HHCs.
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emissions of approximately 44 and 50 ppm from the diesel and B20
combustion (see Table 3) is preferentially used to oxidise HCs in the
DOC. The presence of the DPF upstream of the DOC also enhances the
NO2 production in the DOC for diesel fuel. This can be attributed to a)
the reduced reaction rates of the NO2 production of carbon-containing
species and b) the enhanced catalyst oxidation activity, as evidenced
from the earlier CO and HC light-off curves, due to the improved re-
actant and products transport to and from the active sites, respectively,
due to the reduction in carbon species reaching the DOC [49,50]. The
improved CO and THC oxidation with the incorporation of the DPF,
does not promote the increase in the NO2 emitted to the atmosphere.
The higher CO and THC oxidation when the DPF is introduced, led to
higher consumption O2 and NO2. As reported above, work by Hjuler
et al. [42] has shown that reducing the ratio between the NO2 enhan-
cing additives and the NO emissions can also slow down the NO2 pro-
duction. Higher NO2 concentration was observed downstream of the
catalyst from B20 combustion with increasing catalyst temperatures
due to a higher oxidation of NO to NO2, while NO concentration was
reduced downstream of the catalyst with respect to the inlet value
(Fig. 6). In case of using Ag/Al2O3 catalyst, a similar effect has been
already reported, where the formation of NO2 is highly promoted under
the addition of alcohol fuels [25].

3.3. Effect of fuel and flow rate over DOC performance light-off

In this section the effects of B20 and diesel fuel combustion over the
DOC light-off performance with an upstream DPF is analysed with
different flow rates (i.e. space velocities) (Fig. 7). This allows to in-
vestigate the effect of the residence time of the exhaust products on
their adsorption and oxidation in the DOC active sites at a temperature
range from 50 °C to 400 °C.Fig. 8.Fig. 9.

CO and THC oxidation over DOC at different space velocity (SV): The
DOC light-off temperatures for CO and THC oxidation are higher (with
a difference of around 30 °C for CO and 40 °C for THC) when the space
velocity (SV) was increased from 25,000 h−1 (LSV) to 50,000 h−1

(HSV) for both fuels. The difference is likely to be a consequence of the
shorter time available between the catalyst active sites and exhaust
species [21,24,49,50] to diffuse and undergo the oxidation reactions.
B20 still maintains an earlier CO and THC light-off with respect to those
obtained with diesel fuel combustion. As it was discussed in the pre-
vious section, the low THC emissions derived from B20 combustion, as
well as the presence of oxygen in the butanol molecule and the higher
diffusivity and reactivity of its combustion products favour the acces-
sibility and reaction of CO and THC in the catalyst active sites [51].

HCs species oxidation over DOC at different SV: The concentration of
the individual HC species and HHCs downstream of the DOC at both
space velocities is shown in Figure 9. Accordingly to the catalyst light-
off temperatures, the oxidation rate of HC species was slower at HSV for
both fuels as a result of limited residence time of the exhaust gas within
the catalyst. For both SV, the unsaturated HCs are oxidised at lower
temperature than saturated ones, a trend that agrees with [52]. Even-
tually, at both space velocities the DOC oxidised those light HC species
except CH4. At high space velocity, the conversion efficiencies in the
case of B20 operation are similar to those obtained with diesel for most
of the HC species. Therefore, with the exception of acetylene, it seems
that the earlier catalyst light-off for B20 with respect to diesel fuel does
not happen at high space velocity, with the exception of acetylene
(Figure 9).

NO/NO2 oxidation over DOC at different SV: For both fuels the NO2

production was promoted more at low space velocity (Fig. 10), which is
in accordance with the oxidation of the carbon-containing species. This
trend confirms the findings that oxidation of the organic compounds
and NO to NO2 occurs simultaneously [42]. The same authors have also
suggested that reduced reaction time (i.e. increased space velocity) also
reduces the production of OH2 radicals and hence NO2 production. The
effect of space velocity is even more pronounced at high temperature
when the concentration of NO2 increases as the formed NO2 is not
consumed in THC oxidation, which reacts preferably with molecular
oxygen when the temperature increases [25,53,54]. Furthermore, for
both SV’s the NO to NO2 oxidation over DOC is slightly higher for B20
than for diesel fuel, due to the higher reactivity and diffusivity of the
combustion products of B20 in comparison to diesel fuelling, which
enhance the oxidation rate over catalyst [51].

4. Conclusions

Through fuel blending and aftertreatment systems architecture the
engine exhaust gas composition can be manipulated in order to improve
catalysts activity especially at low temperatures. The absence of solid
particles in the exhaust gas and the control of some of the heavy HC
species played a key role in improving the oxidation catalyst light-off
temperature and enhancing the oxidation rate of CO, THC, and in-
dividual HC species at low temperatures by easing accessibility to the
active sites of the catalyst (i.e. avoiding masking).

The increased NO2 during the combustion of oxygenated fuels (i.e.
butanol) but also in the DOC indicates that the production of species
such as OH2 radicals can be promoted in diesel engine by the use of
some oxygenated fuels additions, work that is in agreement with non-
engine studies.

Our finding can be used to guide the design of both more efficient
compact aftertreatment systems architecture and cleaner fuels. By
identifying the role of the individual species (i.e. reaction promoter,
spectators or distractor) during the combustion process and catalytic
processes, fuels composition, engine operation and catalyst design and
architecture can be optimised. Improved catalyst activity can also be
translated in the design of catalytic technologies with reduced platinum
group metals and overall cost or more efficient catalytic systems at
urban driving conditions.
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ABSTRACT: The use of advanced fuels must increase from 0.5 to 3.6% of the total fuel consumption in internal combustion
engines according to the forthcoming European directive. In this regard, alcohols that can be obtained from waste or
lignocellulosic materials with advanced production techniques may play an important role in the future. This work focuses on
the effect of the use of butanol as a blend component on the properties of soot emitted from compression ignition engines. This
knowledge is essential to decide the strategy to carry out a proper regeneration process in a diesel particle filter. The study was
performed in a Euro 6 diesel engine. The engine operating condition used to collect particulate matter was selected as a typical
steady mode in urban driving. The blends tested were baseline diesel, Bu10D (10% butanol and 90% diesel v/v), Bu20D (20%
butanol and 80% diesel v/v), and Bu10B10D (10% butanol, 10% biodiesel, and 80% diesel v/v). The techniques used to
characterize the soot were X-ray diffraction, Raman spectroscopy, transmission electron microscopy, surface area analysis, X-ray
photoelectron spectroscopy, Fourier transform infrared spectroscopy, thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC). Among the results shown, most of the structural parameters related to the soot carbon layers did
not correlate with reactivity, whereas others such as the concentration of oxygenated functional groups, the surface area (both
increasing with butanol content), and the average primary particle diameter, which is reduced with the increasing butanol
content, showed good consistency with soot reactivity obtained with TGA and DSC.

1. INTRODUCTION

Today, the most important issue related to the use of vehicles is
pollutant emissions, which have a direct effect on human health1

and environment.2 Nowadays, climatic change, mainly produced
as a consequence of global warming, has been pointed out as one
of the most important environmental problems. Carbon dioxide
(CO2) emissions emitted from vehicles have been highlighted as
one of the main contributors to global warming.3 Diesel engines,
due to their higher efficiency, emit less CO2 than spark ignition
engines, but, on the contrary, the use of diesel engines is usually
associated with nitrogen oxides (NOx) and particulate matter
emissions.
To reduce the adverse effect of emissions, more and more

stringent standards have been implemented all over the world. In
Europe, from 2014, light diesel vehicles must fulfill Euro 6
standard,4 which sets strict limits for NOx and particulate
emissions. One of the strategies to reduce pollutant emissions is
the use of first-generation biofuels and advanced fuels to replace,
at least partially, fossil fuels. Although biodiesel is the most used
biofuel in road transport, the new directive EU/2018/20015

supports the use of advanced biofuels, such as alcohols, to the
detriment of first-generation biofuels. Although ethanol has
been often used as a fuel component in diesel vehicles,6,7 n-
butanol has better properties (higher cetane number, heating
value, and viscosity, and lower flash point).8,9 Additionally, n-
butanol can be considered as an advanced biofuel as long as it
can be produced from waste or lignocellulosic materials.10−12

Currently, butanol can be produced through acetone−n-

butanol−ethanol (ABE) or isopropanol−n-butanol−ethanol
(IBE) fermentation.10,13

Another strategy to reduce pollutant emissions is the use of
different after-treatment systems to fulfill the standards. In
current diesel engines, nitrogen oxide emissions are reduced in
NOx after-treatment systems,14 such as lean NOx trap (LNT) or
selective catalytic reduction. On the other hand, particulate
emissions are trapped in a diesel particle filter (DPF) to be
subsequently eliminated in an oxidation process, known as the
regeneration process. This process is affected by different factors
like exhaust gas composition, temperature and flow rate, filter
characteristics, temperature and flow profiles through the filter
channels, and physicochemical properties of soot.15,16 The study
of soot characteristics and their implications on soot oxidation
process could reduce the adverse effect of the regeneration
process on fuel consumption and on filter lifetime.
The properties of soot emitted by a modern Euro 6 engine

have been analyzed with different analysis techniques (nano-
structural, chemical, and thermal). Among the nanostructural
analytical techniques, X-ray diffraction (XRD),15,17 Raman
spectroscopy,18,19 transmission electron microscopy
(TEM),20,21 and electron energy loss spectroscopy22,23 can be
highlighted. Some researchers have tried to relate soot
nanostructure with its reactivity, but consistent conclusions
have rarely been reached. In fact, it has been observed that soot
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reactivity correlates positively with some morphological
characteristics but negatively with others.24 Soot reactivity is
defined hereinafter as the ability of soot to be oxidized under
lower temperatures or at higher rates. As a rule, it is accepted in
the literature22,25 that as the distance between carbon layers
increases and the fringe length decreases, the soot surface is
more prone to be oxidized, due to the weaker binding energy
between planes and the higher availability of carbon atoms at the
edge site. A characteristic that could have a great impact on the
soot reactivity is the primary particle size, which is inversely
related to both the soot surface area and the oxygen accessibility
to the carbonaceous substrate.21 Different authors have also
studied the functional groups adsorbed on soot surface with
chemical analytical techniques such as those based on infrared
spectroscopy (Fourier transform infrared spectroscopy (FTIR),
diffuse reflectance infrared Fourier transform spectroscopy, or
attenuated total reflection),26−28 X-ray photoelectron spectros-
copy (XPS),29,30 energy-dispersive spectroscopy,31,32 NMR,33,34

and near edge X-ray absorption fine structure.26,35 Many studies
have investigated the oxygenated and aliphatic compounds on
soot surfaces since they are supposedly related to the soot
reactivity.16,26,36 Finally, in other investigations, soot has been
analyzed with thermal analytical techniques. In these studies,
thermogravimetric analysis (TGA) or differential scanning
calorimetry (DSC), among other techniques, have been used
to assess soot reactivity, by quantifying either the temperature
required by soot to be oxidized (subjected to a heating
ramp)15,36 or the time needed to be oxidized (when subjected
to an isothermal process).16,29

It is necessary to remark that obtaining conclusions about soot
reactivity based on structural or chemical analysis results can
lead to misleading conclusions. For this reason, to study the
impact of soot characteristics on reactivity, a complete soot
characterization at different levels (nano- and microstructure,
morphology, porosity, surface area, and functional groups) is
proposed in this work.
Finally, some previous studies have analyzed the effect of

blending biofuels with diesel fuel on the soot morphology and
reactivity. Among these, very few have analyzed the effect of the
ethanol content,20,28,37 and only one has observed the effect of
butanol port injection.20

2. EXPERIMENTAL SETUP
2.1. Engine and OperationMode. This study was carried out in a

Euro 6 Nissan 1.5 dCi engine (model K9K). This engine is a four-
cylinder, four-stroke, turbocharged, intercooled, and common-rail
direct-injection diesel engine, and it is equipped with a double exhaust
gas recirculation (EGR) system, with cooled low-pressure EGR and
noncooled high-pressure EGR. The after-treatment system comprises a
diesel oxidation catalyst, a lean NOx trap (LNT), and a regenerative
wall-flow-type diesel particle filter (DPF). The main characteristics of
the engine are shown in Table 1.
A rotating shaft was used to couple the engine to an asynchronous

electric dynamometer (Schenck Dynas III LI 250), which controls the
engine speed and torque. INCA PC software and ETAS ES 591.1
hardware were used for the communication and management of the
electronic control unit (ECU) of the engine. The inlet air mass flow rate
and the fuel consumption were measured with the internal engine
sensors and registered with the INCA PC software. Through the
communication between the ECU and the INCA PC, it is possible to
perform the test with the different fuels under the same operative
conditions (injection pressure, EGR valve position, and injection
position).
To collect soot, the gas flows through a 47 mm diameter filter with 1

μm thickness. The filters, placed in a filter holder, have a retention

efficiency of 99.99% and include a Teflon membrane on a
polymethylpentene ring to increase the rigidity. A vacuum pump
sucks the gas through the filter. The filter is then scrapped and the
particulate matter is collected for analysis. Finally, after devolatilization
for an hour at 400 °C under an inert atmosphere to remove the volatile
fraction, soot samples were analyzed with different techniques, which
will be described in Section 2.3. Figure 1 shows a scheme of the engine
installation where the soot collection system and the thermophoretic
sampling are highlighted with purple lines.

Different previous studies have analyzed the effects of the engine
speed15,38 and load15,18,28,38−40 on the characteristics of soot particles;
therefore, the effect of butanol content is analyzed here in a single-
engine mode. The operation mode selected is illustrative of urban
driving conditions, and it represents an acceleration from 15 to 32 km/
h. This engine condition reproduces a low-load operation mode
characterized by its high emission of particulate matter, resulting in a
high contribution to the DPF loading, and its relatively low exhaust
temperature, which prevents from spontaneous regeneration of soot in
the DPF. The main characteristics of this operation mode are shown in
Table 2.

2.2. Fuels. In this study, diesel blends with 10 and 20% v/v of n-
butanol content (Bu10D and Bu20D, respectively) were tested. Bu10D
blend was selected since the well-known 20−20−20 target requires that
10% of the energy in the transport sector should come from renewable
fuels.41 Besides, n-butanol is considered an advanced fuel [since it is
produced through an acetone−n-butanol−ethanol (ABE) fermentation
process], whose contribution to the transport sector on energy basis will
increase from 0.5 to 3.6% in the future European Regulations.5 The
other blend (Bu20D) has also been selected considering future
regulations, in which an increase in renewable fuels is expected. Higher
n-butanol contents were discarded because the low cetane number and
the high enthalpy of vaporization of n-butanol would lead to cold start
problems as confirmed in the work of Lapuerta et al.42 Finally, a ternary
blend (Bu10B10D) composed of biodiesel (10% v/v), n-butanol (10%
v/v), and diesel (80% v/v) has also been selected considering that first-
generation biofuels and advanced fuels will co-exist in the next years.

The diesel fuel used in this study was supplied by the Spanish oil
company Repsol. It has no oxygen content and was similar to many
diesel fuels supplied by petrol stations in Europe in winter. The
biodiesel fuel used was donated by the Spanish biodiesel company Bio
Oils and was produced from soybean (around 80% w/w) and palm oils
(around 20% w/w). The content in saturated esters amounted to
20.64% w/w, which is not far from an average saturation content of
biodiesel fuels produced in Europe. Butanol was supplied by Green
Biologics Ltd., as a member of the Consortium of ButaNexT Project.
The main properties and reference standard methods of pure fuels and
blends tested are shown in Table 3.

2.3. Analytical Techniques. Experimental techniques used for
soot characterization are divided into the following types:

• Structural and morphological techniques: X-ray diffraction
(XRD), Raman spectroscopy, surface area analysis (Bruna-
uer−Emmet−Teller (BET) analysis), transmission electron
microscopy, and high-resolution transmission electron micros-
copy (TEM and HR-TEM).

• Chemical analysis techniques: X-ray photoelectron spectrosco-
py (XPS) and Fourier transform infrared spectroscopy (FTIR).

Table 1. Diesel Engine Characteristics

fuel injection system DI, common rail

cylinders 4
valves per cylinder 2
bore (mm) 76
stroke (mm) 80.5
compression ratio 15.5:1
displacement (cm3) 1461
maximum power (kW) 81 kW@4000 rpm
maximum torque (Nm) 260 Nm@1750−2500 rpm
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• Thermal analysis techniques: Thermogravimetry analysis
(TGA) and differential scanning calorimetry (DSC).

An X-ray diffractometer from Bruker, model D8 Advance, was used
to analyze soot nanostructure. This diffractometer has a θ−θ
configuration and a radiation source of Cu Kα with a wavelength of
1.54059 Å. Selected test conditions were 40 kV and 40mA. The angular
range 2θ for the scans was from 7 to 60° in steps of 0.01° and a time of 3
s per point. The detector of the equipment is a PSD LynxEye.
Structural soot analysis was made using a Raman spectrometer from

Renishaw. The equipment is mainly composed of an optical microscope
with white Light-emitting diode illumination (Leica DM2700 M) and
with five different lenses, three excitement lasers, a Notch filter, and a
charge coupled device detector. In this study, the 50× magnification

objective (NA 0.75) and the green light laser with a wavelength of 532.1
nm, source power 0.51 mW (to avoid burning the sample), and
exposure time of 80 s (divided into four intervals of 20 s) were used.

Samples of diesel agglomerates were collected with a thermophoretic
sampling device by means of copper grids. The grids were analyzed
using high-resolution transmission electron microscopy (HR-TEM)
with a Phillips CM-200 microscope, with a resolution of approximately
2 Å and an accelerating voltage of 200 kV.

Surface area and pore volume were analyzed using a Gemini V
surface area analyzer from Micromeritics Instrument Corporation. In
these analyses, the internal surface area of the samples was measured by
isothermal gas adsorption with N2 as adsorptive gas at 77 K in a liquid
nitrogen bath. Prior to the test, the soot sample was degassed at 350 °C
with a N2 flow for 12 h to remove the moisture and other adsorbed
compounds. The surface area was obtained using the Brunauer−
Emmet−Teller (BET) method.

X-ray photoelectron spectroscopy (XPS) measurements of soot
surface functional groups were made on an Omicron ESCA+
photoelectron spectrometer using a nonmonochromatized Mg Kα X-
ray source (hν = 1253.6 eV). An analyzer pass energy of 50 eV was used
for survey scans and 20 eV for detailed scans. Binding energies were
referenced to the C 1s peak from adventitious carbonaceous
contamination, assumed to have a binding energy of 284.5 eV. XPS
data were analyzed using CasaXPS software. All of the peaks of the
corrected spectra were fitted with a Gaussian−Lorentzian shape
function to peak fit the data. Iterations were performed using the
Marquardt method. Relative standard deviations were always lower
than 1.5% (Table 4).

Figure 1. Scheme of the experimental installation.

Table 2. Engine Operation Mode Characteristics

measured variables operation mode

engine speed (rpm) 1521
effective torque (Nm) 66
air flow (kg/h) 56
start of main injection (°CA bTDC) 2.82
start of pilot 1 injection (°CA aTDC) 3.88
start of pilot 2 injection (°CA aTDC) 16
fuel injected during pilot 1 injection (μL/inj) 1.12
fuel injection during pilot 2 injection(μL/inj) 1.10
injection pressure (bar) 550
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Fourier transform infrared spectroscopy (FTIR) equipment from
Thermo Scientific, model Nicolet 6700, was used to analyze the
functional groups of the soot samples. Before the analysis, soot was
mixed with KBr (purchased from Sigma-Aldrich as 99% FTIR grade) in
a ratio of 1000:1 due to the strong absorption of the soot sample. Later,
the soot−KBr mixture was compressed, and then, it was ready for
analysis.
A thermogravimetric analyzer from TA Instruments, model Q500,

was used to measure the mass loss during soot oxidation. In this
equipment, the sample is located in a crucible inside a small furnace
where the temperature is varied according to a user-defined
programme.43

A differential scanning calorimeter (DSC) from TA Instruments,
model Q20, was used to measure the heat released during soot
oxidation. When soot undergoes a physical or chemical transformation,
a temperature difference appears between the capsule with the soot
sample and the empty capsule used as a reference. The temperature
difference is related to the heat released by the soot sample. The
temperature program used in these experiments is the same as that used
in the thermogravimetric analysis.

3. RESULTS AND DISCUSSION
3.1. X-ray Diffraction (XRD).The X-ray spectra from tested

soot samples are shown in Figure 2a, after shifting them

Table 3. Main Properties of Tested Fuels

properties method diesel biodiesel butanol Bu10D Bu20D Bu10B10D

density at 15 °C (kg/m3) EN ISO 3675 842.0 883.5 811.5 836.5 833.5 841
kinematic viscosity at 40 °C (cSt) EN ISO 3104 3 4.19 2.27 2.61 2.51 2.73
lower heating value(MJ/kg) UNE 51123 42.93 37.64 33.20 41.75 40.69 41.23
average molecular formula C15.05H27.61 C18.68H34.64O2 C4H10O C12.49H23.54O0.023 C10.59H20.50O0.040 C12.68H23.91O0.37

C (wt %) 86.74 77.08 64.86 84.62 82.49 83.62
H (wt %) 13.26 11.92 13.52 13.29 13.31 13.14
O (wt %) 0 11 21.62 2.09 4.20 3.24
molecular weight (kg/kmol) 208.20 291.26 74.12 177.13 153.98 181.96
stoichiometric fuel/air ratio 1/14.51 1/12.50 1/11.15 1/14.18 1/13.85 1/13.96
CFPP (°C) EN 116 −20 −1 <−51 −21 −20 −8
lubricity (WSD) (μm) EN ISO 12156-1 371.45 143 571.15 419.08 435.49 267.11
derived cetane number ASTM D7668-14 52.65 52.48 15.92 46.64 42.98 48.26
purity 99.5

Table 4. Accuracies of the Different Analytical Techniques used

equipment/technique principle of operation manufacturer/model precision

X-ray diffractometer X-ray diffraction Bruker D8 Advance angular smallest addressable increment: 0.0001°. reproducibility:
±0.0001°.

Raman
spectrophotometer

Raman scattering Renishaw laser beam divergence: 0.5 mrad

TEM image formation through an electron
beam

JEOL JEM-1400 resolution: 0.2 nm

surface area analyzer N2 adsorption Micromeritics. Gemini V accuracy better than ±0.5%
XPS photoelectron detection Omicron ESCA+ detection limits (C 1s and O 1s orbitals): 0.1 atom %
FTIR infrared absorbance Thermo Scientific Nicolet

6700
laser beam divergence: 3 mrad

TGA mass-loss measurement TA Instruments Q500 weighing precision: ±0.01%. resolution: 1 μg
DSC heat flux TA Instruments Q20 calorimetric precision: ±0.05%. resolution: 0.04 μW

Figure 2. (a) X-ray spectra of the tested soot samples. (b) Example of deconvolution of the X-ray spectrum.
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vertically with constant increments to avoid an overlap. Different
bands were identified and then deconvoluted following the
method proposed in Lapuerta et al.,15 as is shown in Figure 2b.
From the deconvolution of the original spectra and using

Bragg and Scherrer equations, different parameters were
obtained with the purpose of analyzing soot nanostructure.
These parameters, which are depicted in Figure 3, are Lc
(thickness of the graphitic package), La (length of the graphitic
package), and d002 (distance between carbon layers).

Figure 4a shows that the thickness and the length of the
graphitic packages are larger for increasing butanol contents,
although in some cases the differences observed cannot be
considered as significant, due to an overlap between error bars.
Soot generated from butanol blends, mainly Bu20D, shows a
structure more ordered than diesel soot, i.e., higher values of
stacking thickness and length of the crystallites (Lc and La,
respectively). The oxygen content in the butanol−diesel blends
and in the ternary blend can explain this trend. In the oxidation
process, oxygen attacks the active centers in the structural
defects, which are more numerous in the short layers than in the
large ones. Consequently, these layers are oxidized and
disappear due to their small size. For this reason, the average
thickness and length of the graphitic packages, which are
measured with XRD, increase. This effect can be observed more

clearly in Figure 4b, in which the nanostructural parameters (La
and Lc) are represented versus the fuel oxygen content.
The effect of butanol content on the interplanar distance of

the graphitic layers (d002) is shown in Figure 5. Results obtained

have similar values tomany others shown in the literature, within
the range 3.2−3.7 Å, also obtained from diesel soot with this
technique.15,17,20,22,29 As can be observed, butanol content has a
negligible effect on this parameter (d002) since the distance
between graphene layers appears to remain constant.
According to different authors,22,29 the parameters previously

studied (La, Lc, and d002) could be related to soot reactivity. The
carbon atoms at the edges of the graphene sheets are 100−1000
times more reactive than those in the basal plane because these
atoms have higher affinity to form bonds with chemisorbed
oxygen due to the availability of unpaired sp2 electrons. For this

Figure 3. Structural parameters that define soot nanostructure.

Figure 4. (a) Effect of butanol content on the thickness and length of the graphitic packages, and (b) effect of oxygen content on the thickness and
length of the graphitic packages.

Figure 5. Effect of butanol content on the interplanar distance between
layers.
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reason, as the length of the graphitic layers decreases, the atom
concentration at the edges of the layers increases. On the other
hand, the interplanar distance between graphitic lattices (d002) is
related to the binding energy of the planes. As d002 increases, the
binding energy of the planes decreases and, therefore, these
planes are less stable and more vulnerable to oxidation.
However, to establish the relationship between nanostructure
and reactivity, a more complex study must be accomplished.
3.2. Raman Spectroscopy. Raman spectroscopy was used

to determine the degree of order of the soot internal structure.
Figure 6a shows the Raman spectra of soot recorded from the
butanol blends and the diesel fuel tested. The initial spectra were
deconvoluted into different bands.44 Figure 6b shows the

graphite band (G) and the defect bands D1, D3, and D4. G band
is associated with the order of the soot microstructure. D1 band
represents the presence of disorder in the graphitic chain as a
consequence of vacancies, crystalline defects, and graphene layer
edges. D3 band is related to the amorphous carbon associated
with functional groups, fragments, or organic molecules. Finally,
D4 band is associated with carbon−carbon stretched bonds in
the crystalline net such as those of ionic impurities.44,45

The ratio between the peak intensities of D1 and G bands was
used to evaluate the effect of soot nanostructure, as can be
observed in Figure 7. This ratio is related to the structural defects
in the basal plane of individual graphene layers.15 Higher ratios
are indicative of higher disorder in soot nanostructure. In the

Figure 6. (a) Raman spectra of the tested soot samples. (b) Example of deconvolution of the Raman spectrum.

Figure 7. (a) Effect of butanol content on the ratio ID1/IG. (b) Effect of fuel oxygen content on the ratio ID1/IG.
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case of soot from butanol blends, as butanol content increases
(from 0 to 10% v/v), soot nanostructure becomes more
disorganized (Figure 7a). This behavior could be explained by
the fuel oxygen content, which is not high enough to remove the
structural defects. However, as butanol content increases (from
10 to 20% v/v), soot nanostructure becomes more organized
than that of soot generated from diesel and Bu10D. It may be
hypothesized that oxygen in fuel could be high enough to oxidize
the structural defects in soot, and for this reason, soot
nanostructure becomes more ordered. The same behavior has
been observed in other studies with soot generated from diesel−
biodiesel blends.16,18 In the case of soot generated from the
ternary blend, it is observed that its nanostructure is more
organized than soot generated from Bu10D, but it is more
disorganized than soot from Bu20D. This trend is consistent
with the oxygen content of the ternary blend, which is higher
than that of Bu10D but lower than that of Bu20D. The effect of
oxygen fuel content on soot nanostructure is shown in Figure 7b.
3.3. High-Resolution Transmission Electron Micros-

copy (HR-TEM). Detailed images of the soot internal structure,
such as those shown in Figure 8 left, were obtained with HR-
TEM. For statistical analysis, four images were taken for each
soot sample, and five different regions from each image were
analyzed. Finally, the 20 selected regions were artificially
magnified using commercial software Image J. From these
images, the distance between layers was measured by dividing

the stacking thickness of the crystallites by the number of layers
minus one (see Figure 8, center). Also, the tortuosity was
determined by dividing the length of the carbon layers by the
linear distance between the edges (see Figure 8, right).
In Figure 9, the average interplanar distance is presented for

the studied soot samples. This figure shows that the distance
between layers is reduced for the increasing butanol and oxygen
content. Although in some cases the differences in the
interplanar distance for the different soot samples cannot be
considered as significant, due to an overlap between error bars,
the trend observed is consistent with the results obtained with
XRD. According to Belenkov,25 as the length of the graphitic
layers (La) increases, the attraction forces between the carbon
atoms of adjacent layers (van der Waals forces) increase, leading
to lower distances between layers.
There is a numerical discrepancy between the interplanar

distance obtained with XRD and HR-TEM, as can be seen when
Figures 5 and 9 are compared. It is not clear which technique is
more suitable to study soot nanostructure since both techniques
have advantages and disadvantages. XRD provides an average
value of the characteristics that define soot nanostructure,
although, according to different authors,46,47 the results
obtained with this technique (mainly La) could be over-
estimated. On the other hand, HR-TEM examines d002 from a
2D projection of a 3D particle, which can lead to under-
estimation. In this case, HR-TEM results are slightly under-

Figure 8. (a) HR-TEM images of primary particles. (b) Magnification for the measure of the interlayer distance.

Figure 9. (a) Effect of butanol content on the interplanar distance measured with HR-TEM. (b) Effect of fuel oxygen content on the interplanar
distance measured with HR-TEM.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.8b04083
Energy Fuels 2019, 33, 2265−2277

2271

http://dx.doi.org/10.1021/acs.energyfuels.8b04083


estimated with respect to XRD results for all soots derived from
blends (only for diesel soot, no underestimation was found). In
any case, the values obtained in this work are similar to many
others also obtained from HR-TEM for diesel soot48−50 or
kerosene soot51 (within the range 3.5−3.9 Å), although they are
significantly lower than those obtained for soots sampled from
atmospheric flames.52

As observed in Figure 10, the average tortuosity increases for
the increasing butanol content (Figure 10a), with this increase
being approximately linear with oxygen content (Figure 10b).
This trend is consistent with the increasing length of the fringes
and with the decreasing size of the primary particles, which limits
the linear growth of the carbon fringes. This result is consistent
with those shown by Luo et al.,53 who proved that increasing
alcohol contents (in their case, ethanol and butanol) led to
increasing tortuosities, and vander Wal et al.,54,55 who observed
higher tortuosities for ethanol soot than for soots derived from
burning acetylene or benzene.
3.4. Low-Resolution Transmission Electron Micros-

copy (LR-TEM).Complete images of soot agglomerates (Figure
11) can be obtained with LR-TEM. A total of 10 images were
captured per fuel tested and 10 primary particle diameters were
measured for each image to obtain the primary particle diameter.

An average of the 100 diameters measured was calculated for
each fuel tested.
As the butanol content in the blend increases, the oxygen

content increases and the aromatic content decreases propor-
tionally. An equilibrium is reached between particle growth and
oxidation, leading to stable primary particle sizes. This
equilibrium is reached at smaller primary particles as the
oxygenated content in the fuel increases (Figure 12), which
could be caused either because lower aromatic content inhibits
particle growth, or because oxygen content enhances soot
oxidation, or because of both.56 This trend is in agreement with
those found in numerous studies where oxygenates were
blended with diesel fuel, and specifically for alcohol diesel
blends.53,57 In any case, smaller soot particles that have a higher
surface/volume ratio are expected to increase their reactivity.

3.5. Surface Area Analysis. A typical adsorption isotherm
obtained when analyzing soot is depicted in Figure 13. On the
basis of the shape of the isotherm and according to IUPAC
classification,58 soot samples have a mesoporous structure
(pores with diameters between 20 and 500 Å). The hysteresis
loop observed is related to the shapes of the pores. According to
IUPAC classification, soot samples have slit-shaped pores with
parallel walls.
Results obtained when analyzing the soot surface area are

depicted in Figure 14. It can be observed that as the butanol
content in the blend increases, the soot surface area increases.
This result is consistent with the trend observed in Figure 12
since lower primary particle diameters lead to the higher surface
per unit mass. Again, increased fuel oxygen and decreased
aromatic contents could be behind the results obtained.
Regarding soot generated from the ternary blend
(Bu10B10D), it presents a surface area similar to that of soot
generated from Bu10D. In this case, a linear correlation between
the fuel oxygen content and soot surface area has not been
observed. It may be hypothesized that surface area could be
related with soot reactivity since as the surface area increases, the
oxidizing agents have more accessibility to the carbonaceous
substrate.

Figure 10. (a) Effect of butanol content on the tortuosity of carbon layers measured with HR-TEM. (b) Effect of fuel oxygen content on the tortuosity
of carbon layers measured with HR-TEM.

Figure 11. TEM image from primary particle aggregates.
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3.6. X-ray Photoelectron Spectroscopy. Functional
groups can be quantified on the soot surface with this technique.
Prior to X-ray photoelectron spectroscopy, the derivatization
process is necessary to avoid the uncertainty associated with the
deconvolution process of the oxygen and carbon bands in the
XPS spectra. This derivatization process was carried out in a
0.875 L glass vessel equipped with two valves, under vacuum
conditions of approximately 5 Pa and 35 °C. The derivatizing
reagents were located in a beaker located in the center at the
bottom of the vessel. A total of eight carbon and soot samples
were simultaneously located in the interior of some tubes, and all
of these were also located on an aluminum plate with eight
cavities, surrounding the beaker.
Trifluoroacetic anhydride undergoes derivatization of hydrox-

yl functional groups existing on the soot surface by esterification,
forming an ester on the soot surface and releasing a
trifluoroacetic acid molecule.30 Carboxylic acid groups were
derivatized by esterification with trifluoroethanol in the presence
of 1,3-di-tert-butyl-carbodiimide and pyridine.30 Carbonyl

groups, either from aldehydes or from ketones, were derivatized
with trifluoroethylhydrazine in vapor phase.30 A posterior
atomic balance permits quantifying the concentration of the
different functional groups, which were present in the original
soot.
Figure 15 shows that the oxygen atomic concentration

obtained on the soot surface in the form of hydroxyl, carboxyl,
and carbonyl groups increases for increasing butanol contents,
being more apparent for butanol concentrations higher than
10% (v/v) in fuels. The highest enhancement is observed for the
concentration of hydroxyl groups in the blend with 20% (v/v)
butanol content. This trend is consistent with the presence of a
hydroxyl group in the butanol molecule. The oxygen atomic
concentration in the form of carboxylic groups also increases
with the increasing butanol content, especially for alcohol
contents higher than 10% (volume basis). It also increases for

Figure 12. (a) Effect of butanol content on the average primary particle diameter. (b) Effect of fuel oxygen content on the average primary particle
diameter.

Figure 13. Typical soot adsorption isotherm.

Figure 14. Effect of butanol content on the soot surface area.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.8b04083
Energy Fuels 2019, 33, 2265−2277

2273

http://dx.doi.org/10.1021/acs.energyfuels.8b04083


the ternary blend, consistently with the presence of carboxylic
groups in the biodiesel components of this blend. The oxygen
atomic concentration in the form of carbonyl groups shows a
slight increase for increasing butanol contents.
From the observed consistency between soot oxygen

functional groups and fuel components, it can be concluded
that most of the oxygen groups detected on the soot surface
come from fuel decomposition rather than being formed during
the initial stage of soot oxidation.
3.7. Fourier Transform Infrared Spectroscopy (FTIR).

As in the case of XPS, this technique provides information about
functional groups on soot; therefore, the results obtained are
complementary to those obtained with XPS. The FTIR spectra
from tested soot samples are shown in Figure 16, after
translating them vertically to avoid an overlap.
The absorption band between 500 and 1200 cm−1

corresponds mainly to the bending vibrations of C−H bonds
of aromatic groups. As can be observed in Figure 16, the band
peak is moved toward higher wavenumbers (approximately
1100 cm−1) for soot generated from blends with respect to that
for diesel soot. This result could indicate that soot from blends is
more oxidized (or could keep more oxygen groups from the
oxygenated fuel) than the soot generated from diesel fuel since
different oxygenated functionalities show signals for wave-
numbers around 1100 cm−1.
The second absorption band (1200−1600 cm−1) is originated

as a consequence of the bending vibrations of C−H and C−C in
aromatic compounds and the stretching vibrations of C−O in
ethers, esters, alcohols, and phenols. These peaks are slightly
more significant for soot samples from butanol blends,
consistent with the results obtained with XPS, showing a higher
concentration of oxygenated functionalities than the soot
generated from diesel fuel. The same trend is observed for the
bands between 1600 and 2000 cm−1, which are attributed to the
stress vibrations of the CObond of the carboxyl groups and of
the CC bonds in the aromatic groups.
3.8. Thermal Analysis (TGA and DSC). Two typical

thermograms obtained with TGA and DSC are shown in Figure
17. The start of oxidation temperature (SOT) is defined as the

temperature reached when 5% of the initial soot mass is lost or
5% of the total heat is released. Finally, MLRTmax and HRRTmax
are defined as the temperatures at which the maximummass-loss
rate is reached and the maximum heat release rate is reached,
respectively. These temperatures are a good indication of soot
reactivity since the higher the temperatures, the lower the
oxidative reactivity of the soot.
The results obtained are presented in Figure 18, showing that

as the butanol content increases, the temperatures defined above
(SOT, MLRTmax, and HRRTmax) decrease. These results point
out the higher reactivity of soot generated from butanol blends.
This effect is more noticeable for the maximum rate temper-
atures (MLRTmax and HRRTmax) than for the SOT. The ternary
blend (Bu10B10D) is even more reactive than Bu20D, despite
its lower oxygen content, suggesting that the oxygen attached to
carboxylic groups could contribute to soot reactivity more than
that attached to hydroxyl groups.
These trends are similar for TGA and DSC, although the

onset of heat release is systematically detected sooner (at a lower
temperature) than the onset of weight loss, whereas the opposite
occurs with the maximum rate temperatures. These small
discrepancies are attributed to the different geometries of the
reaction chambers, which affects the thermal inertia.
Soot characteristics evaluated in this study can be related to

soot reactivity. As observed above, soot nanostructural
characteristics, evaluated with XRD, Raman spectroscopy, and
HR-TEM, did not show a good relationship with soot reactivity.
The average primary particle diameter is the soot characteristic
that best correlates with soot reactivity, with a coefficient of
determination equal to 0.63. Also, the surface area and
concentration of functional groups partially correlate with soot
reactivity, although soot from the ternary blend presented
neither the highest oxygen concentration nor the highest surface
area.

4. CONCLUSIONS
The following conclusions are obtained from this study:

Figure 15. Effect of butanol content on the concentration of
oxygenated groups.

Figure 16. FTIR spectra of studied soot samples.
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• From nanostructural analysis, it can be concluded that as
the butanol content in a fuel increases, the degree of order
of the soot nanostructure increases. This conclusion can
be observed for most of the parameters obtained with
XRD (La and Lc increase as the butanol content increases)
and HR-TEM (d002 decreases as the butanol content
increases, although tortuosity increases). Results obtained
with Raman spectroscopy are partially in line with those
obtained with XRD andHR-TEM. As the butanol content
increases (from 0 to 10% v/v), soot nanostructure
becomes more disorganized (higher ID1/IG); however,
as the butanol content increases from 10 to 20% v/v, soot
nanostructure becomes more organized (lower ID1/IG).
According to these results, soot generated from butanol
blends should be less reactive than that generated from
diesel fuel, which is not consistent with the results derived
from thermal analysis. Therefore, it can be concluded that

soot nanostructure does not have a dominant effect on
soot reactivity.

• Results obtained with morphological techniques (surface
area analysis and TEM) show that as the butanol (or
oxygen) content in a fuel increases, the soot surface area
increases as a consequence of a lower average primary
particle diameter. This trend is observed in all cases,
except for soot from the ternary blend, whose surface area
was not observed to increase with respect to that of the
binary blend with equal butanol content. As the soot
surface area increases, the oxidizing agents have more
accessibility to the carbonaceous matrix, and it can be
hypothesized that soot becomes more reactive, which is in
line with the results obtained with thermal analysis
techniques.

• With regard to the results obtained with chemical analysis
techniques (XPS and FTIR), it can be observed that as the

Figure 17. Typical soot oxidation thermograms in (a) TGA and (b) DSC.

Figure 18. (a) Start of oxidation temperature for tested soot samples. (b) Temperatures for maximum mass-loss rate and heat release rate for tested
soot samples.
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butanol content increases, oxygenated functional groups
on the soot surface increase. It can be concluded that most
of the oxygen groups detected on the soot surface come
from fuel decomposition rather than being formed during
the initial stage of soot oxidation.

• The results obtained with thermal analysis techniques
(TGA and DSC) show that soot generated from butanol
blends is more reactive than that generated from diesel
fuel. The soot from the ternary blend is observed to be
more reactive than the soot from Bu20D, proving that the
oxygen attached to carboxylic groups also contributes
toward the increase in soot reactivity.

• Among all the techniques used in this study, XRD, Raman
spectroscopy and HR-TEM, did not show a good
relationship with soot reactivity, whereas the average
primary particle diameter, the surface area, and the
concentration of functional groups partially correlated,
demonstrating that using techniques to analyze only
structural, only morphological, or only chemical param-
eters does not provide a complete overview of soot
reactivity.
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Brüggemann, D. Correlations between physicochemical properties of
emitted diesel particulate matter and its reactivity. Combust. Flame
2016, 167, 39−51.
(20) Ruiz, F. A.; Cadrazco, M.; Loṕez, A. F.; Sańchez-Valdepeñas, J.;
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